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ABSTRACT
This thesis is divided into two sections, the first 
section deals with compacted, dry crust clay in road 
embankments. The second section deals with the 
design and construction of an instrument to measure 
the settlements and horizontal strains in compacted 
fills.
The tests performed on the compacted clay are divided 
into two groups:
a) Tests on laboratory treated and compacted samples.
b) Tests on field compacted samples.
Triaxial tests are used with low friction end plates 
and the pore-pressures are measured by using a 
ceramic probe at midheight of the samples.
Standard consolidation and dissipation tests are 
performed on laboratory compacted samples and tests 
are performed to study the increase in strength with 
time on compacted samples.
Data from compacted fills are presented and discussed, 
soil parameters are choosen and stability calculations 
are performed.
Pore-pressures are measured in a compacted fill, and 
the results are reported.
A new instrument for the measurement of vertical 
settlements and horizontal strains is presented with 
a complete field measuring system. Examples from 
actual measurements are given.
Conclusions are drawn at the end of each section.
Curves, tables and photographs are given in the 
Appendix.
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BEHAVIOUR OF COMPACTED DRY CRUST MARINE CLAY 
IN ROAD EMBANKMENTS,
INTRODUCTION
Compacted clay is a material extensively used in road 
construction.
The decreasing resources of sand and gravel make it 
more and more desirable to use compacted clays as 
fill material in the future.
Roads constructed in areas where clays are dominant 
can be built at a considerably lower cost if material 
from cuts can be utilized in fills.
The use of compacted clays presents special problems 
both mechanically in the actual construction of the 
fills, and geotechnically in determining the 
behaviour of the material.
An investigation of the properties of compacted clay 
on this basis would require the use of all the various 
techniques used in soil mechanics to day together with 
extensive field programmes that would require large 
financial and human resources. Such programmes would 
take many years of coordinated research.
This thesis deals .with the.problems of triaxial 
testing of compacted clays, the making of samples in 
the laboratory, obtaining samples from the field and 
discussing the results together with practical 
experience.
An important characteristic of a compacted fill is 
the settlement that takes place in the material itself 
whether the settlement arises from normal consolidation 
spread of the fill itself or from a combination of 
both.
To simulate these conditions in a laboratory is 
extremely difficult and it was decided to construct 
an instrument that could measure these values in the 
field of soil mechanics.
Registration of data from field behaviour is thought 
• to be essential for the development of sound theories 
in this field.
The thesis is divided in two sections, the first 
section deals with compacted clays, the second 
section deals with the design, construction and 
the use of the instrument for measuring vertical 
settlement and horizontal strain in compacted fills.
Tables, figures and photographs are given for each 
section in the Appendix.
REVIEW OF PREVIOUS WORK
A considerable amount of literature deals with one 
or more aspects of compacted clays and a complete 
review of this would be very extensive.
This review is restricted to the literature that has 
a direct relevance to the problems considered in 
this study and to accepted theories and descriptions 
of partly saturated materials. Triaxial testing 
techniques are reviewed together with interpretation 
of data from these tests.
A review of compaction and compaction theories is 
submitted in order to cover the field from testing 
the materials to the actual production of the fill.
Partly saturated soils are frequently described as a 
three phase system, the phases being air, water and 
the soil mineral particles. However, there is ample 
evidence to suggest that this is a very simplified 
concept and a more correct term would be "a multiphase 
system" in which probably many phases exist not yet 
known. For example, water can exist within soils in 
various ways such as, free water, without any phsysio/ 
chemical forces and effects from the soil constituents, 
or as water that have effects from the causes 
mentioned. The behaviour of these two types of water 
is widely different and should not be lumped together 
in one expression.
The air in partly saturated soils can exist at least 
in two different physical forms, either as channels 
beeing continuous having connection with whatever 
pressure is present outside, or as occluded bubbles of 
various shapes. These bubbles will have a pressure 
determined by the stresses acting around them.
The mineral matter in the soils are complex 
structures with complicated behaviour physically as 
well as chemically. The behaviour of partly 
saturated soil is a result of all these 
characteristics and at present there is a division 
in the research, one part of the research is 
concerned with the physiochemical aspects and one 
part is concerned with the resulting physical 
behaviour as expressed for instance in triaxial 
tests on these materials.
In recent years there has been some published material 
looking both at the chemical side and at the 
resulting physical behaviour of partly saturated 
soils.
Komorik and David (1969) deal with the swelling 
pressure of clay and Gray (1971) deals with the 
thixotropic behaviour of compacted soils.
The following i.s a review and discussion of the 
various components in partly saturated soils.
2.1.0 COMPACTED CLAYS
2.1.1 Introduction
The following is a review and discussion of compacted 
clays with particular reference to marine dry crust 
clays.
The review of compaction theories and the development 
of various compaction techniques are obtained by 
literature studies.
1.2 Review
It was not until the late 1920 that the need for a 
better understanding of compaction lead to the 
development of theories and testing equipment that 
could be used practically.
Below the major reports published is listed together 
with the dates to give an idea of the development of 
compaction theories.
Year ’Publishing
1929 California Div. of 
Highways
1933 A.E. Kelso
1933 R.R. Proctor
Name of article
California Impact 
Method
Fundamental 
Principles of Soil 
Compaction
In 1929 the California Division of Highways performed 
a comprehensive test series and derived a standard 
laboratory method and equipment and methods for the 
determination of field compaction. With these 
methods it was possible to determine in advance the 
densities to be expected at various moisture contents. 
However, the report was published as only an internal 
one and was not circulated to a wider audience.
There have been other methods developed for laboratory 
compaction, but the principle used is the same as that 
of Proctor, the difference being the energy used in 
compaction and the size of the mould, in order to 
obtain a closer relationship with an actual field 
density than the standard or modified Proctor test 
can do.
2.1.3 Air in Compacted Clays
As mentioned in the introduction, air exists as 
either interconnected channels or as occluded 
bubbles within the soil. In one soil both states 
will be present and this further complicates the 
effect. Even if the effect from both states could 
be determined separately there is still the problem 
of finding the combined effect on the properties of 
the soil.
Even when saturated soils are excavated and placed 
in a fill the resulting material is a soil • 
containing air. From this it can be directly 
concluded that practically all material excavated in 
a saturated state and placed in a fill will exist at 
a lower density than it had in situ especially on a 
short time basis. This only applies to materials 
which are not easily drained.
The discussion of the pore air will be divided into 
two parts, one part being when the pore air exists as 
separate bubbles and one when the air is contained 
in connected channels.
Air as separate bubbles or in the occluded state
The shape of these air-bubbles will by no means be 
regular any shape can be visualized depending on 
the geometry of the particles or the aggregation of 
particles in the vicinity of the porespace.
If for a moment the “pressure in such a"porespace is 
considered to be atmospheric, the pressure in the 
surrounding porewater would be negative and equal 
to - 2Ts/r provided there were no physiochemical 
effects in this system.
But there are a number of effects affecting this 
present in a soil, and these will be discussed 
later.
If an external stress is applied to the system the 
shape of the pore-air-space will change and so will 
the pressure in the pore air. Automatically it is 
often assumed that this change is positive, that 
is, an increase in pressure in the pore air, however, 
it can be imagined that in zones of tensile stresses 
the pressure in the pore-air could be decreased.
When applying a stress to a soil structure the 
result is usually a complex transmission of both 
compressive and tensile stresses and the resulting 
changes in pressure in the pore air can be expected 
to be both positive and negative.
These stress changes will be time-dependent and what 
can be termed as "residual values" may be widely 
different from the short time effects.
When air and water exists in contact with each other 
a diffusion process takes place whereby the water 
gradually absorbs the air or put another way, the 
air diffuses into the water. This process is 
usually considered to follow Henry's Law of 
Solubility. However, as previously mentioned the 
"water" in question does not have the same properties 
as "free" water and this law may not be-applicable.
The-problem of diffusion of air through water has 
been treated by Hilf (1948), Poulos (1964) and 
Schuurman (1966) where the value of the coefficient 
of diffusion D is taken as that of free water. 
However, Barden and Sides (1970) found this 
coefficient to be 1/50 of that of free water.
As mentioned earlier there is a wide difference in 
the size of the pores in a compacted soil, and in an 
investigation (A. Sridharan et.al., 1971) no 
apparent correlation existed between the pore size 
distribution and the grain size distribution of 
this particular soil. The different soils had 
different characteristics in their pore size curves 
but these variations could not be attributed to the 
variations in grain size. This suggests that there 
may be the aggregations of particles that govern the 
forming of the pore spaces in compacted materials.
The type of compaction also probably plays a role in 
this as the type of compaction seems to have an influence 
on for instance the settlement characteristics of a 
compacted soil.
To measure the pore air pressure in a compacted soil 
where the air bubbles are occluded is very difficult 
if not impossible and there seems to be a general 
agreement among researchers that the effective 
applied stress .is the same as for saturated soil, 
i.e. the measured porewater pressure is transmitted 
through the adsorbed and double-layered water and 
acts around each particle and air-bubble.
(J.E. Garlanger, 1970).
A'ir in *interconnected channels
Soils compacted dry will contain cracks and 
disruptions in all directions and these channels 
will be filled with air. The pressure in this air 
is determined of the boundary conditions. If the 
channel is connected to the atmosphere this pressure 
will be atmospheric, if the channel is sealed in 
some way the resulting pressure is determined by the 
applied stresses and perhaps other factors. It can 
be argued that this is air in the occluded state, 
and in a way it is, but there will be a marked 
difference in the behaviour of a soil having long 
continuous channels containing air and a soil that 
has small air-bubbles more or less evenly distributed.
Jennings and Burland (1962) and Burland (1965) found 
that if the air-voids were continuous the applied 
stress (a-u ) transmits both normal and shear
cl
stresses at the particle contacts, while the
capillary stress (u -u ) only transmitts normala w
stresses. From this it seems clear that the two 
types of stresses are distinctly different, the 
applied stress produces an instability, but the 
capillary stress produces a stability of the soil 
body. Because of this Burland (1965) concludes that 
in a partially saturated soil in which the pore-water 
exists mainly within the menisci at the grain contact 
points, a change in all-round applied stress cannot 
be equivalent to any function of a change in the 
pore-water pressure. The two stress systems give 
rise to quite separate mechanical effects.
This is because of fundamental differences in the way 
applied stress and pore-water pressures are 
transmitted through the structure.
Therefore, as it is not possible to determine if the
parameters c and 0 are identical for both saturated
and partly saturated soils the search for the 
function X(u&-uw ) seems to be in vain. Garlanger 
(1970) puts forward the hypothesis that the strength 
(s) and the void ratio (e) are not functions of a 
single effective stress, but separate functions of the 
capillary stress and the applied stress i.e.
s = f (a1) 
e = g (a1) 
but s = f1 (a-ua) + f2 (ua-uw )
e = 9l <a-ua) + g2 (ua-uw )
Provided (a-u ) and (u -u ) remain unchanged, changes a a w
in o , u and u should not affect the strength or the a w _
void ratio.
 Garlanger reconmends on this basis that the effective
applied stress should be taken as (a-u ) for soilsw
containing air-bubbles, (occluded) and for saturated
soils. For soils having interconnected channels the
effective applied stress would be, (a-u ) and thea
capillary stress (u -u ). Thus the soil behavioura w
would be described by two effective stresses.
1,4 Water in Compacted Clays
Water exists in a compacted clay as free pore water 
or as water bonded to the clay particle or 
aggregation of particles. The properties of a 
compacted clay is highly dependent on this water, 
and a review of the present day knowledge about this 
is given in the following.
Clay mineralogy and clay chemistry is considered 
outside the scope of this thesis although the 
resulting physical behaviour of the clay is very 
much dependent on these characteristics. In 
practice, the most important variable in clay 
compaction is the molding water content. The higher 
the water content the more difficult it becomes 
mechanically to handle the material. Broadly, the 
water can be divided into two categories, the water 
that actually mixes with the clay and increases the 
overall water content and the water that is only in 
contact with the surface of the clay making it 
difficult for vehicles to move.
The first type of water will alter the strength and 
consolidation properties of the clay, the second 
type of water will not induce such alterations but will 
normally evaporate with time.
Compacted clay fills can be protected against an 
overall increase in water content by adequate 
compaction, and by proper run-off facilities.
A large amount of literature on the chemistry of 
water in contact with clay particles is available 
and the main references on this are given in the 
literature reference list.
As mentioned previously the moulding water content 
plays a prominent part in the resulting behaviour of 
compacted clay and H.B. Seed et.al. (1960) concludes 
that for a given density and moisture content the 
structure of a clay determines the pore water 
pressures and consequently the strength.
,1,5 Porepressures in Compacted Clays
The application of the principle of effective stress 
in compacted clays requires the measurement of 
pore pressures, both when the clay is in equilibrium 
and during shear tests.
The pore pressures are divided into two components, 
pore-water pressure, u^ and pore-air pressure, ua , 
the effective stress would then be:
o' = a-u + X(u -u ) a a w
The parameter X was proposed to be related to the 
degree of saturation S, varying from unity in 
saturated soils to zero in dry soils. In partially 
-saturated soils there are two effective stresses, the 
effective applied stress (a-u ) which transmits both
a
normal and shear stresses to particle contacts, and 
the capillary stress, ua-u^, which only can transmit 
normal stresses at the particle contacts. (Jennings 
and Burland, 1962). These stresses give, however, 
rise to two different mechanical effects and should 
be treated separately, (Burland, 1965, Matyas and 
Radhakrisma, 1968, and Garlanger, 1970). The search 
for a unifying factor between these two stresses 
should therefore be abandoned, (Garlanger, 1970).
The equation o' = cr-u^  is thought to apply for 
compacted soils, where the air is occluded or in the 
form of small bubbles. Donald (1964) and 
Garlanger (1970) concluded that occlusions 
occur at about optimum moisture content as defined 
by the Standard Proctor Test. Above optimum 
moisture content the soil particles are dispersed and 
tension in the pore-water is small and the air is 
occluded. This is a structure which is more 
compressible than the pore fluid because the
effective stress at particle contacts is small. 
Under isotropic stress conditions a large part of 
the stress is transmitted through the pore-water 
and the pressure in the air bubbles increases.
The increased air pressure causes the pore air to 
dissolve in the pore-water and a volume change 
occurs. This process repeats itself until 
equilibrium is attained and at sufficiently high 
stress all the pore-air is dissolved and further 
stress increase is transmitted to the pore-water 
only.
Recent research indicates however, that the pore- 
pressure coefficient B (Skempton, 1954) is not unity 
in compacted clay.
It is generally concluded that at optimum moisture 
content and in compacted saturated samples the 
pore-pressures are of a negligible magnitude, (Rao, 
1971).
There is no general agreement upon the question of 
pore-pressure measurements or values among research 
workers, and this is still a controversial subject, 
(Bishop and Skempton, 1954,- Blight, 1960, Donald, 
1960, Garlanger, 1970, and Rao, 1971).
1.6 Consolidation of Compacted Clays
Recent work on consolidation of compacted clays 
(Barden, 1974) indicates a possibility of dividing 
the problem into three groups.
a) "Dry" of the optimum moisture content.
b) "Wet" of the optimum moisture content.
c) Intermediate between "dry" and "wet" of optimum
moisture content.
Two physical models of clay "dry" and "wet" of 
optimum was proposed as follows:
The "dry" clay was taken to form large continuous 
intercluster macropores after having been compacted. 
The reason for this was thought to be the high 
resistance to deformation given by the "dry" clay 
during compaction.
The macrofabric is considered to have a more 
dominating influence on the engineering properties 
of such a clay, (Barden and Sides, 1970).
The air and water flow will generally take place 
through the macropores (Olsen, 1962) and the 
permeability of air will be high due to the continuous 
macrosize pores.
On compressing such a clay, the radii of the menisci 
will decrease and so will the suction and finally 
the air is in the occluded state (Barden et.al., 
1969a).
The "wet" model contains much more tortuous and 
constricted macropores and channels, due to the 
plastic nature of the clusters of particles. On 
compaction these clusters are easily deformed and 
shear strains may be large. The air in this case is 
occluded and the air permeability is zero and any 
transport of air will be governed by the water 
permeability or by a diffusion process through 
stationary water,(Barden and Sides, 1967).
On the "wet" side of the optimum the Terzaghi theory 
seem to be relevant for practical purposes.
The complicating fact in compacted clay is the 
variation of soil properties over very short 
distances, and the application of a strict theory 
to these problems can only at its best be a rough 
estimate.
At present, however, there does not seem to be any 
alternatives but the standard consolidation 
procedures where for instance the ratio of sample 
volume to actual volume can be of the order of 
1 to 1 000 000. In addition to this the calculation 
of settlements in the underground suffers from certain 
difficulties, and .it is therefore not surprising that 
these forcasts are only indications of what may be 
expected.
1,7 Compaction Theories
As mentioned earlier Proctor presented the 
relationship between moisture content and dry 
density and defined the optimum moisture content for 
a specific compactive effort in 1933.
To day there is still no theory to explain the 
process of compaction, but considerable experience has 
been gathered through the years as far as the use of 
the various types of compacting equipment is 
concerned.
Looking at the compaction curve in Figure 2.1,
Proctor (1933) stated that more water on the dry 
side of optimum gave better lubrication and allowed 
the particles to slide closer to each other and he 
also indicated the importance of the capillary water 
holding the grains together and stiffening up the 
structure. Olson and Langfelder (1965) measured 
negative pore-pressures as high as 14.0 kp/cm2 in 
clay compacted at 5% below the optimum moisture- 
content. As the water content increases, this force 
gradually, decreases and allows the particles to compact 
by moving into closer arrangement.
Hogentogler advanced his viscous water theory in 
1936 and it is interesting to note his interpretation 
of the irregularities of a compaction curve. In 
Figure 2.2 the four stages of wetting a compacted 
soil can be seen.
The moisture contents are expressed as percentages 
of the combined volumes of soil solids and moisture 
and the density-moisture relations become series of 
straight lines with different slopes. The zero air 
line is shown as a dotted line in the figure.
The intersection points between the straight lines 
in the figure limits the four different stages of 
wetting in the following order: hydration,
lubrication, swell and saturation.
The stability was determined by a penetrometer and 
on a logarithmic plot of stability versus moisture 
content a clear correlation was seen to exist.
From a specific grading curve the surface area of 
the soil particles was estimated and the thickness 
of the film of water and air was calculated for the 
different wetting stages.
The results of these calculations can be seen in 
Figure 2.3.
During hydration, lubrication, swell and saturation, 
the total thickness of moisture films increases from 
0.001 mm to 0.1 mm. Moisture in excess of the swell 
limit was considered to be free water that was 
attracted more strongly by gravity than by the 
particle surface and consequently gradually replaced 
the air in the soil and eventually reached 
saturation.
Hogentogler (1936) concludes: "Change in film
characteristics may provide a reasonable explanation 
of a number of phenomena which have been attributed 
to the purely physical effects of surface tension, 
change in the arrangements of soil particles, and the 
like".
Lambe (1960) based his theory of compaction on the 
concept of water deficiency. This concept 
recognizes that any given soil particle under any 
given state of -stresses requires a certain amount of 
water to develop fully its double layer. The 
difference between the needed water and the existing 
water is deficient water that the particle would 
try to inbibe.
The water present in most compacted soil was regarded 
to be almost always less that than the soil needed, or in 
other words, nearly all compacted plastic soils had 
a deficiency in water.
At point A in Figure 2.4 the diffuse double layers 
of the soil colloids have not developed fully due to 
water deficiency. The small amount of water' 
present gives a very high concentration of electrolyte 
and this depresses the double layers. Flocculation 
is then brought about by the reduced interparticle 
repulsion. If the moisture content is increased 
towards point B this expands the formation of the double 
layers and reduces the electrolyte concentration and 
gives rise to a reduced degree of flocculation and 
higher densities. Further increase of moisture from 
point B to point C results in increasing double layer 
formation and a reduction of the net attractive 
forces between the particles. The overall result 
of this is a reduction in density of the soil.
Olsen (1962) based his theory oh the well known 
principle of effective stress. The theory was 
predicted on the belief that the resistance of soil 
to compaction was the integrated sum of the 
shearing stresses developed between the particles 
at their points of contact. '
Lee (1972) correlated compaction curves with index 
properties following the modified Casagrande's 
classification scheme and found two kinds of soils 
exhibiting irregularly shaped compaction curves.
One soil had a liquid limit greater than 70, the 
other had liquid limit less than 30.
By considering variation in clay minerals explanations 
of various shapes of compaction curves were offered.
According to this theory four types of curves exist 
as shown in figure 2.5.
If there is no water present in the material, the 
moisture density curve sometimes has a peak both 
very dry and at the "normal" optimum moisture content 
(Forssblad, 1967).
Forssblad performed the experiments on a silty sand 
and the results can be seen in Figure 2.6.
Similarly, the writer performed some experiments on 
a fine sand with the same result. Forssblad!s 
experiments, however, utilized a vibrating tamper, 
but the Standard Proctor Test was used for the 
writerfs experiments.
The phenomenon can probably be explained as follows:
Adding water to a dry sand increases the effective 
stress and consequently increases the resistance to 
deformation (sliding) in the material. When the 
moisture content increases further the effective stress 
gradually decreases again and the particles move 
about easier.
In the vicinity of the optimum moisture content in a 
clay, if more water is added a certain amount of air 
is trapped in the pores and cannot escape.
Olson (1963) observed a similar’behaviour in illitic 
clays as shown in the figure, and Handy (1968) 
suggests that the same capillarity maximum and 
density minimum exists both for clay aggregates as 
for sand but is lost under higher compactive effort 
as the aggregates are crushed and crowded together.
A well established relationship is shown in the 
figure, how increased compactive effort affects the 
optimum and the density of a soil. The peak of the 
density curve occurs usually at the same degree of 
saturation. This probably means that once the air 
in the soil is occluded the density cannot be 
raised any more.
If compaction still proceeds positive pore-pressures 
will develop and the result is "quakey" conditions.
Another effect of compacting clays on the wet side 
— of optimum was suggested by Lambe (1958). Seed and 
Chan (1959) investigated this and the results are 
-—'indicated in Figure 2.4.
The type of compaction is also thought to play an 
important role in the consequent behaviour of a 
compacted clay.
If compaction on the wet side of O.M.C. is taken to 
produce a dispersed structure of the compacted clay, 
the resulting effect on some properties may be 
summarized as follows:
- Shrinkage
Samples compacted wet of O.M.C. show higher shrinkage 
than samples compacted dry of O.M.C.
- Swelling
Samples compacted wet of O.M.C. show smaller swelling 
characteristics than samples compacted dry of O.M.C.
- Swell pressure
Samples compacted wet of O.M.C. exhibit smaller swell 
pressures than samples compacted dry of O.M.C.
- Stress and strain
Samples compacted wet of O.M.C. show a much flatter 
curve in a stress-strain diagram than a sample 
compacted dry’ of O.M.C.
The shape of the curves for these two types of samples 
are also different. The stress-strain curves for the 
clay compacted dry of O.M.C. also develop their 
strengths at much lower strains, for the clay compacted 
wet of O.M.C. there is usually a consistent increase 
in strength up to very large strains. Strains as large 
as 20% are not unusual.
All the samples in these tests were made to the same 
densities and moisture contents.
Although samples prepared in these two ways show a wide 
difference in stress-strain characteristics, their 
strengths expressed in terms of effective stress are 
very similar. This is because of the difference in the 
development of pore pressures, Seed and Chan (1959).
Briefly, compacting a clay on the wet side of 
optimum would alter the structure of the clay in 
such a manner that the flocculated clay particles 
on the dry side of optimum would attain a dispersed 
condition. Microscopic study of the shear zones 
supported this hypothesis.
Thus there are two distinct dangers associated with 
compacting on the wet side of optimum, positive 
pore-pressures and production of a weaker dispersed 
structure.
8 Triaxial Testing
One of the main critisisms of triaxial testing is 
the non-uniformity of stresses and strains. These 
problems have been minimized by using "free ends", 
that is lubricated end platens in the triaxial 
apparatus facilitating horizontal movements of the 
specimen during shear, (Rowe and Barden, 1964) .
Research by Taylor (1941) showed that if a sample 
has a length to diameter ratio of 2 to 1, the end 
friction had only a small influence on the results.
The volume changes taking place during shear 
produces changes in density of the specimen and pore- 
pressure gradients will also develop. This has an 
effect on the parameters c' and 0*. (Shockly and 
Ahlvin, 1960, Ellis and Holz, 1959, Bishop et.al., 
1960).
If a particular failure surface develops during a 
test, this can cause a non-uniformity of the 
specimen and both pore-pressures and strains can be 
affected.
Tests have shown that shorter samples combined with 
"free ends" results in a tendency towards multiple 
failure surfaces and general plastic failure takes . 
— place, -(Rowe and Barden, 1964). This should 
indicate more reliable values of measurements.
The measurement of pore-pressure
The measurement of pore-pressure in the triaxial 
test has received much attention over the years and 
various techniques have been tried out. The problem 
can conceniently be divided into two groups:
a) The actual technique of installation and 
operation of equipment inside and outside the 
triaxial cell.
b) The degree of confidence with which the measured 
parameters can be used in an actual problem.
Bishop (1961) gives a review of the development of 
pore-pressure measurements in the triaxial tests 
from 1937 up to 1957 and in later years the 
development seems to have centered around various 
techniques in separating air and water pressure and 
additional automatic recording equipment outside or 
inside the triaxial cell.
"Free ends" in triaxial testing seem to improve the 
quality of measurement of stresses and strains, but 
there are still problems associated with the 
measurement of pore-pressures.
If the pore-pressure is measured at the ends of a 
sample, the time to equalization of pore-pressure 
would be considerable. There are indications that 
the time necessary would be of the order of days both 
for drained and undrained tests, (Bishop and Henhel, 
1962).
A more promising approach seems to be the use of a 
small ceramic probe inserted for instance at midheight 
of the specimens.
This installation would not interfere with the end 
platens and is simple to install and operate.
The measurements of pore-pressure in compacted clay- 
present special problems, as these materials are 
partly saturated at least in the initial stages. 
Garlanger (1970) concluded that the pore-pressure 
measured in materials where the air is occluded or in 
the form of bubbles, is the correct pressure for 
evaluation of effective stresses. In most clays the 
air will be in the form of bubbles if the material 
is compacted at or above the optimum moisture content.
Due to the complex behaviour of stresses and strains, 
there is still some uncertainty about the pore 
pressure measurements in triaxial tests.
The speed of testing has a marked influence on the 
pore-pressure registered.
Recent research indicates that a strain of 6%/hour
should not affect .these values too much (Senneset,
1971) although this is also a very controversial
*
subject among researchers..
2.1. 9 Discussion
The discussion will mainly be concerned with 
compaction of marine dry crust clays and some 
associated theoretical aspects.
The moisture content in these clays cannot in any 
practical way be altered, consequently the clay has 
to be used as it is found. The optimum moisture 
content, Standard Proctor, is 17% to 19% and almost 
always below 20%, and when constructing a fill of 
these materials the compaction will nearly without 
exception be on the wet side of optimum.
In the central part of eastern Norway, marine clays 
are found below 220 meters above sea level. These 
clays originally settled out in sea water conditions 
and the clay, silt and sand-particles settled out 
together, resulting in a fairly homogeneous mixture, 
(Bjerrum, 1954).
Stresses and strains during compaction
There are two general theories in soil mechanics to 
evaluate the stresses in soil under a load, the 
elastic theory where no shear failure takes place, 
and plastic theory where stresses readjust as 
shearing failure takes place.
Compaction of the soils mentioned can safely be 
assumed to operate mainly in the plastic range and 
shear failures are continuously imposed on the soil. 
On the other hand a full plastic failure would stop 
any attempt to compact the soil and the answer is 
probably that in the top most layer there is a full
plastic failure in many instances, but the soil at 
greater depths provides the necessary support for 
the compacting equipment.
The ideal condition for compaction might be 
considered as upper elastic and beginning to approach 
plastic failure. Even if a soil responds in an 
elastic manner there is still some amount of 
compaction going on, as the soil will not fully 
rebound after loading.
In the elastic condition the stresses can be 
determined by the Boussinesq solution. The influence 
coefficients are calculated and "pressure bulbs" are 
drawn to show the distribution of stresses under a 
load. In the estimation of settlements the vertical 
stresses are determined, in this case the stresses 
would be the maximum and minimum compressive or 
tensile stresses, i.e. the major and minor principal 
stresses. The major principal stress is vertical 
only immediately below the load.
The principal stresses from the Boussinesq 
solution can be seen in Figure 2.7.
The magnitude of the major and minor principal 
stresses was calculated by Terzaghi (1943) under a 
loaded flexible strip and was found to be:
al = ? (#o + sin *o)
c3 = ¥ (+o ” sin V
Where g is the load per unit area and $ is the 
angle shown in the figure. Since at small values 
of i^o , sin ipQ = \Jjq , o  ^ decreases rapidly with depth 
and at a depth of one half the width of the loaded 
area = 4.5 and at a depth of three quarters this
width, o^/o^ = 8.3. These figures are after 
Jurgenson (1943).
Then it might be concluded that after elastic theory 
a reasonable stress ratio for compaction at the most 
exists to a depth of three-fourths of the width of 
the loaded area.
The Mohr theory considers the transition point from 
elastic to plastic behaviour and states this to occur 
when:
a, = 2c v®? +. a,N.1 0 3 0
N . = tan2 (45 + 0/2)
0
c being the soil cohesion and 0 the angle of internal
friction. The failure condition N. = a,/a0 occurs0 1 3
when c = 0. Considering for a moment the compaction 
of a clay and making the assumption that 0 = 0, 
gives an or a stress ratio equal to one. Looking 
at the figure, plastic failure will initiate at a 
depth of zero.
When a plastic zone develops, the stresses in the 
underlying soil are altered together with the stress 
directions and there is no general theory available 
to solve this.
However, some model tests have been performed by 
Butt et.al. (1968) and in these experiments the 
bearing capacity under a spherical indenter was 
studied.
The indenter was loaded until failure, and prior to 
the failure compaction occurred. Bearing capacity 
failures were analyzed by Terzaghi (1925) and he 
assumes the soil to be weightless and the deformation 
plastic under no volume-change conditions.
The bearing capacity of a loaded strip:
0.5 ybN + cN + -q'N Y c q
load per unit area 
unit weight of soil 
width of the contact area 
cohesion of the soil 
soil pressure from surcharge
N^ , Nc and are dimensionless bearing capacity 
factors depending of the angle of internal friction.
For compaction q* = 0 ,  and the last term in the 
equation disappears.
As an example, let 0 = 0 ,  and c = 2 T/m2 for a clay to 
be compacted, and let y = 2.0 T/m3.
SO ° 
So =
Y = 
b = 
c = 
q* =
From standard reference tables the bearing capacity
factors are found to be NY = 1 and N = 9.c
q0 = 0.5 • 2.0 • b • 1.0 + 2.0 • 9.0 = (18+b) T/m2
In other words a contact pressure greater than 
(18+b) would give a bearing capacity failure.
Taking the weight of an average smooth-wheel roller 
as 6 tons, the width of the roller as 1.50 meters 
and the contact area as (1.50 • 0.20) = 0.30 m 2 this 
produces a stress of 20 T/m2. According to the 
equation failure would occur when qQ = (18+b) =
18+1.5 = 19.5 T/m2, and in this case the roller would 
theoretically sink a little more to increase the 
contact area before equilibrium was reached.
Knowing the soil parameters and the usual types of 
rollers, tables for particular soils can be prepared 
to give an estimate of how the various sizes of 
rollers could be expected to behave. An example is 
given below where c is selected on basis of pocket 
vane tests. However, c is not a constant during 
compaction nor is 0 if that is going to be used, and 
this complicates the matter considerably, and the 
practical use of such a table at this stage is very 
limited, Handy (1968).
Type of roller: x
Diameter of roll: 1.3 0 meter 
Breadth of roll: 1.50 meter
Weight of roll: 3 tons
c q q Contact area before failure y b
T/m2 t/m2 m T/m3
1 10.5 0.1430 2.00
3 28.5 0.0530 2.00
5 46.5 0.0320 2.00
7 64.5 0.0230 2.00
9 82.5 0.0015 2.00
The density of the soil will also vary during 
compaction and this is a further complication.
Void ratio in compaction
The voids in a compacted clay are made up of water 
and air. As discussed earlier the water exists as 
free water and water under some physiochemical 
influence, the free water phase gradually changing 
into the adsorbed water phase.
The air in compacted clay exists in interconnected 
channels or as bubbles. Both the water and air are 
subjected to stresses which are results of applied 
stresses or internal stresses in the soil system.
The stresses in the water and in the air complex, 
and the measurement of the stresses in the pore air 
when in the occluded state is very difficult and 
probably impossible.
L. Barden and G. Sides (1970) calculated the time 
necessary for the occluded bubbles to equalize in 
pressure by diffusion into a "bubble" in the 
measuring device for a compacted clay to the order 
of 70 days. At least this shows that the measurement 
of the pressure in the air in the occluded state is 
an impracticable proposition.
For the particular soil in this report, B-G clay, 
compaction will nearly always be performed at a 
moisture content well above optimum.
There is little doubt that these materials in the 
compacted state contain air in the form of bubbles 
or in the occluded state, on the other hand during 
the process of compaction air will exist in channels 
and cracks as well.
Mechanically, the sequence of operations in 
compactions is as follows:
Breaking up the soil in the borrow pit-, loading, 
transport to the deposition, placing the soil in 
layers and compacting it.
In the borrow pit the soil may or may not be in the 
saturated condition, when compacted air will be 
trapped in any case. The dry upper crust of the clay 
in this study is characterized by a large number of 
cracks of various shapes and sizes, so as a starting 
point the material contains air in long channels. 
As the clay becomes wetter the material deforms 
easier and becomes more plastic, the cracks disappear 
and the material approaches saturation.
When such a material is placed in a layer and 
-compacted, the air is trapped very early in this 
operation.
The subsequent compaction following this, probably 
only removes extra large pockets of air and 
generally makes the soil more homogeneous as far as 
distribution and sizes of air bubbles are concerned. 
The bulk of the material, however, will contain the 
amount of the air that was trapped early in the 
compaction process.
Once the air is trapped the only way to decrease its 
volume is by applying a stress, forcing the air into 
solution with the water in the soil. Unless this 
stress can be maintained the air will come out of 
solution again and establish the previous state. 
Consequently, the void ratio the soil reaches early 
in the stage of compaction is very difficult to 
decrease by additional compaction. On the other 
hand, as the height of a fill increases, the 
stresses on the previously compacted soil increases 
and air starts to go into solution and the void 
ratio decreases.
Compaction cannot reduce the moisture content in 
these materials and the only variable in the change 
of void ratio is the air. Handy (1968) raises the 
question of the importance of dilatancy in relation 
to compaction as the volume change in shear is a well 
known phenomenon from triaxial testing. Compaction 
being similar to a triaxial test condition and 
shear is certainly involved then it would be 
reasonable to expect dilation to occur during 
compaction.
However, data on dilatancy on compaction are very scarce, 
but triaxial shear tests show that volume change in 
shear occurs in aid materials. Whether the volume 
change is positive, expansion, or negative, 
contraction, depends on the void ratio at the point 
of shearing. If there is no volume change the soil 
is said to be at the "critical void ratio" and the 
ratio is dependent on the confining pressure, the 
higher the pressure the lower the critical void 
ratio.
In the triaxial test the confining pressure can be 
controlled, in the actual field case it is a result 
of the soil characteristics and the compacting 
equipment. This will be discussed in greater detail 
later. If the confining pressure is increased, 
dilatancy is prevented and the soil has a new and 
lower critical void ratio. Lee and Seed (1967) 
refers to this pressure as the "critical confining 
pressure". The lower the void ratio, the lower the 
critical confining pressure and the easier it is to 
compact.
Handy (1968) arrives at the conclusion that there 
is a maximum principal stress ratio for compaction 
by considering data from triaxial test on A-C 
treated gravel where the lateral pressures were 
varied. In the low strain region of this material 
the major principal stress increased with 
increasing strain while the confining pressure a^ 
was held constant.
On a plot of volume change versus strain the point of 
minimum volume indicated a maximum o^/o^ ratio for 
compaction, since if ratio exceeds this the
result is dilatant shear. For this particular 
material the maximum allowable ratio varied
from 8 to about 5 calculated on an effective stress 
basis.
Assuming for a moment that this is a valid concept 
for the compaction of clay as well, it is interesting 
to look at the field case in order to establish 
where these desirable . principal stress ratios occur.
As mentioned earlier there are two general classes 
of theories in soil mechanics to evaluate stresses, 
the plastic approach and the elastic approach.
Shearing is obviously involved in compaction, on the 
other hand a full plastic failure can not be 
accepted so perhaps the evaluation of stresses should 
be made in the region between the two theories. Even 
if a soil is perfectly elastic some form of compaction 
occurs during loading, as subsequent unloading does 
not cause the soil to rebound fully.
However, it must be remembered that this is based on 
the assumption that the material behaves perfectly 
elastically. As stated by Handy (1968) the necessity of 
a firm underlying table for compaction is universally 
recognized, but it appears that the main advantage 
of this table is not so much vertical support as 
lateral confinement or restraint. The minor 
principal stresses are checked, thus preventing shear 
failure.
If lateral confinement is of major importance this 
points towards the use of compacting equipment with 
good frictional contact with the soil and perhaps 
using dual axle rollers since the stresses are 
additive.
3,0 w r i t e r ' s own e x p e r i e n c e
3.1 INTRODUCTION
The following is an account of the writer's own 
experience particularly from the field but also 
from the design side in dealing with problems 
associated with compacted clays.
Each of the various aspects is discussed under 
separate headings and a summary is submitted at the 
end of the chapter. The writer's experience is 
based on about four years in the design office and 
about five years of field experience.
These nine years are directly related to roads and 
soil mechanics.
.2 EXCAVATION AND TRANSPORT OF FILL MATERIAL
The methods of excavation are divided into two 
groups:
a) Excavation by scrapers or dozers.
b) Excavation by machinery that involves transport 
of the material by lorries or dumpers.
The first group is comparatively simple as the 
excavation and transport of the material is done in 
one operation. Provided the bearing capacity stays 
high enough as excavation proceeds the scrapers are 
fast and efficient. However, the material considered 
in this thesis is normally consolidated clay where 
the upper dry crust is fairly thin, say two or four 
meters, and below this depth the moisture content 
increases, bearing capacity decreases and the heavy 
scrapers can no longer be used. In any case the use 
of the scrapers has to be stopped when there is still 
at least half a metre of dry crust clay left in the 
excavation. This is necessary to carry this heavy 
machinery. This means in turn that a certain amount 
of material is lost and may have to be replaced by 
other material. The other problem that frequently 
arises using scrapers is that to empty the scraper 
it has to enter the fill and this often produces 
very deep tyre tracks. In material of even low 
sensitivity these continuous shear deformations will 
lower the bearing capacity even more and as the 
process repeats itself the conditions grow continuously 
more difficult.
Excavation and transport by heavy scrapers also 
calls for high quality construction roads and these 
are expensive both to build and to maintain.
As excavation becomes softer, the dozers can be used. 
The wide tracks provide larger contact areas and 
these machines can operate in much softer materials 
than scrapers are able to do. If the material is 
to be transported to fills within say two to three 
hundred meters, this is a practical and economical 
proposition. This machinery is also dependent on 
having a strong enough "platform" to work on and in 
the end some material has to be left in the excavation 
which could have been used in the road fill.
The dozers do not require special transport roads to 
be built and consequently the cost of operation is 
directly related to the work.
The two types of machinery described, halts the . .
excavation before all the dry crust clay has been 
excavated.
As this dry crust is only a thin layer almost all of 
it is used for embankments and any loss during 
excavation and transport has to be made up from other 
sources. This often proves to be very expensive and 
it is therefore important to use the full depth of 
dry crust clay and make sure that mass balance is 
kept.
When clay is excavated by scrapers the clay is broken 
-into small lumps owing to the comparatively thin 
layer that is cut off during the filling operation. 
During transport the material is stationary in the 
scraper.
Excavation and transport by dozers involves continuous 
crushing and fragmentation of the material and these 
effects will be discussed later.
The second group of machinery digs out the material 
and place it in lorries or dumpers and is then 
transported to the fill. When haulage distance is 
long, this is the obvious method to use. Special 
transport roads have to be built and maintained and 
the site traffic increases considerably.
The digging equipment is able to separate the material 
for use in the embankments and materials that is., 
unsuitable, very accurately and as mentioned before 
this may mean a considerable saving.
These methods give the least disturbance to the 
excavated materials and the actual operation is well 
defined.
3 PLACING THE MATERIAL IN EMBANKMENTS
When scrapers are being used the material can be 
spread out on the fill in a predetermined thickness.
The thickness used presently is 20 cm and the 
operation presents only small problems when the 
materials are comparatively dry. In this particular 
clay the upper practical limit is about 25% moisture 
content.
If the materials are wetter the compacted bearing 
capacity of the fill material is not high enough to 
support the scraper loads.
In order to improve the stability of the fill, 
current specifications call for a horizontal sand- 
layer included at 1.40 m vertical_distance. Thus a 
fill is a sandwich construction consisting of 1.40 m 
of clay placed in 20 cm layers, and a layer of sand 
usually 20 cm in thickness. The sand layer will 
also accelerate the consolidation of the clay.
A detail when using scrapers for spreading out the 
fill material is that the scraper should deposit the 
material along a nearly straight line. If material 
is spread during a curve, this will often give a high 
ridge on the inside and subsequent compaction can be 
difficult. It is a small detail but it has given 
problems in certain situations.
When the spreading of fill material has been stopped 
by scrapers, only dozers can be used. The wetter the 
material the lighter the machinery has to be.
However, compaction specifications have to be met and 
the problem is to find the right balance between 
these two requirements. The spreading of material in a 
lift thickness of about 20 cm presents no problem.
Modern machines are able to operate very accurately.
If the fill is too soft to support loads from 
scrapers, lorries and dumpers, the material has to 
be dumped outside the fill and dozers transport the 
material on to the fill. This is an important point 
as the construction traffic can virtually ruin a well 
compacted fill to a considerable depth in a very short 
time. When material is dumped outside the fill for 
later placing of the material by dozers, a good distance 
from the fill should be kept, otherwize there is a 
possibility of getting an improper connection between 
the fill and the adjacent cut. This is a detail which 
needs constant attention on any fill construction.
In the event of having trouble even with dozers to 
place the material in a fill, one may alternate 
between wet and dry material if that is possible.
After having placed and compacted as much wet material 
as possible, one or more layers of drier material are 
placed and in this way provide a firm layer on which 
further placing and compaction can proceed. In this 
way costly material can be saved. A fill built in 
this way has to be checked geotechnically for 
settlements and stability as such a procedure gives 
an embankment with weak layers at intervals. If for 
any reason the deformations due to soft material 
become excessive there is the possibility of putting 
in extra layers of more permeable material. Then the 
fill can be brought back to a proper state and 
placing and compaction can proceed. However, all 
these various procedures have to be supervised on the 
spot as the effect of many irregularities during 
construction can create problems after the fill is 
finished. The supervision of these operations can 
only be done by a person familiar with these 
problems on site, as well as the more theoretical 
sides of the soil mechanics involved.
COMPACTION
4
The following is an account of experience from 
compaction of upper crust clay varying from very 
dry to very wet state.
The overall impression, also based on actual 
measurements, is that two main types of compacting 
equipment give the best results, namely:
a) Dozers of various weights.
b) Rubbertyred vehicles of various weights.
The various types of dozers give a ground pressure 
varying from 0.25 kp/cm2 up to about 1.00 kp/cm2. 
These will naturally give a different performance 
as far as compaction is concerned. Their main 
advantage lies in the fact that they are used for 
placing the material and if a few additional runs 
can provide the necessary compaction there is an 
economical advantage.
However, there seems to be evidence to suggest that 
dozers with a ground pressure less than about 
0.75 kp/cm2 will not be able to produce the 
necessary compaction in material with a moisture 
content between about 23% to 26%. Above this 
-moisture content such dozers are too heavy, they 
sink into the material and further attempts to 
compact eventually ruins the fill. In these cases 
lighter dozers with the widest possible tracks have to 
be used. When the material is very wet there is a 
definite limit to the compaction the material can 
take and the following process can be imagined:
During the first few passes of the compacting 
equipment, the biggest pockets of air are excluded. 
Consequent passes of the compacting equipment will 
"seal off" the remaining smaller air pockets and 
further compaction does not lead to any increase in 
soil density.
When compacting equipment is passing such a soil, 
the result is a temporary increase in air pressure 
in the air pockets.
In practice, looking on the compaction process, large 
deformations can be seen beneath the rollers, and 
immediately the rollers have passed the clay rebounds 
nearly to the previous level. It is reasonable to 
consider at least some of this is caused by the 
temporary compression of air. When clay has arrived 
at this state, it is doubtful if further compaction 
should be carried out.
If, on the other hand, compaction proceeds it may be 
interesting to try and visualize what happens further. 
Looking at each individual lump of clay this can be 
considered to be saturated with water unless the 
borrowpit is shallow. (This applies to most marine 
clay deposits in Norway).
When pressure is exerted on a lump of such a 
material there is an immediate increase in pore- 
pressure corresponding to the applied pressure. The 
increase in air pressure in the spaces between lumps 
is dependent on the applied pressure and the 
resistance to deformation offered by the surrounding 
clay.
Subsequent compaction will only increase the amount 
of strains on the clay and this leads to a decrease 
in shear strength in the material which is 
undesirable.
Accepting this fairly simple picture of compaction 
of wet clays, the following may be stated:
Once the "sealing" has occurred in a clay, further 
compaction will only increase the amount of strains 
and thus lead to a decrease in the shear strength 
of the clay, and bearing capacity problems will 
arise.
For dry clays, which originally were unsaturated, 
this is a very complex process as it involves air 
in interconnected channels, i.e. the air is not in 
the occluded state. The compacting equipment must 
be able to break down hard lumps of clay and have 
sufficient weight to produce adequate compaction.
The final air content in such a material will be 
high with large negative pore-pressures. On wetting 
the effective stress decreases, swelling or collapse 
of the clay structure may occur. Below a moisture 
content of say 23%, the dozers cannot produce 
compaction high enough to meet the specifications. 
The material is then dry and the "reproduced" shear 
strength is high enough to prevent the deformations 
necessary to produce a dense enough material. An 
increase in the number of passes only leads to small 
increases in density and the material has a content 
of air far too high to be acceptable.
In these instances the rubbertyred vehicles can be 
used very sucessfully. Rubbertyred vehicles and 
similar machinery can be found in a large variety of 
sizes however, the general impression is that the 
heavier the better. The pattern in the tyres also 
seems to play a role of some importance, as a deep 
pattern seems to facilitate crushing of hard lumps of 
material better than a smooth type. Another 
advantage of this equipment is that each individual 
tyre is free to move vertically which means that the 
tyres will sink into irregularities' in the surface 
of the compacted material. New material can be 
placed in these areas and in this way a very even 
surface can be produced. The run-off qualities from 
such a surface, given the proper fall, are excellent.
The run-off quality from a surface compacted by 
dozers is somewhat different and this will be 
discussed later.
There are a great many types of compaction equipment 
available, the two types mentioned seem, however, to 
be sufficient in this type of material.
The writer considers the sheeps-foot roller to be 
undesirable because the very deep impressions in 
the fill material allows water to accumulate and a 
long time will elapse after rainfall before 
compaction can be resumed. Very large strains are 
also imposed on the material which leads to lower 
shear strengths with consequent bearing capacity 
problems.
Sometimes a smooth wheel roller can be used to 
produce a surface with extra good run-off quality. 
This would be desirable in case of a stop in 
construction over longer periods.
Generally, to obtain good results in compaction it 
is necessary to spread the fill material evenly.
If the material is dry the evenness of the compacted 
surface is evidence of whether the material has been 
spread properly or not.
One point in connection with using dozers for 
compaction is that the steel belts tend to produce 
"bridges" over softer areas. The even surface in 
this case can therefore be deceptive. If a scraper 
has left a ridge of material, by spreading the 
material through a curve, the material adjacent to 
the ridge will receive only poor compaction because 
of the "bridging" effect of the dozer belts. The 
dozers should therefore frequently use the blade to 
smooth out the surface before compacting.
The best results on any fill are obtained by 
allocation of certain machines to compaction and 
these machinery should have this job only. Compaction 
performed by transport equipment such as lorries or 
dumpers is not to be recommended as the compaction by 
such arrangements will not produce the homogeneous, 
high quality fill desired.
The sand layers, 20 cm thickness, that are used in 
these fills are normally not compacted as the 
compaction of the next 20 cm of fill material will be 
sufficient.
A detail in this connection is that if the material 
is soft underneath this sand layer, care should be 
exercised in compaction of subsequent fill material 
layers, as this could disrupt the sand layer too 
much. Local disruptions of the sand layer are 
considered to be of no importance.
3,4.1 Specifications
As the material considered is found in its natural 
state at moisture contents well above Proctor 
optimum, the specifications are based mainly on 
experience through many years. There is no 
practical way of altering the moisture contents in 
this material and consequently it has to be used as 
it is found.
Table 5.9 gives the relations between the various 
soil constituents according to specifications and 
for field control purpose, the specification is 
plotted in a diagram with wet density on the vertical 
axis and moisture content on the horizontal axis.
Field tests should then fall on or above this line 
in order to be acceptable.
Specifications such as these have to be checked at 
regular intervals, as a variation in specific gravity 
• may have a large enough effect to influence the 
position of the specification curve in the diagram.
.-_--_JThe-.specifications-also limit the use of this
particular clay to be used in fill to an upper limit 
of 30% moisture content. This limit is only based 
on the fact that this moisture content is the upper 
limit for that which normal compaction equipment can handle. 
This moisture content is related to a dry crust clay 
__ ..with about 20% clay fraction, i.e. 20% < 2y. In the case 
of a higher clay percentage this moisture content can 
be increased, in the case of a smaller percentage clay 
fraction this moisture content has to be decreased 
—  considerably.
The fills considered in this thesis are of the 
sandwich construction with thin layers of sand 
between the thicker compacted clay layers. The 
main purpose of the sandlayers is to keep pore- 
pressures down during construction and accelerate 
consolidation in the fill.
On sideways sloping ground it is important that 
these layers do not come in contact with the original 
ground as this invites ground water seepage through 
the fill. This is also the case along the axis of 
the fill.
If the clay fraction is low and water is supplied 
from the sandlayers underneath during compaction, 
this could completely destroy the fill during 
construction.
There are a number of other details that have to be 
continuously watched during construction of a fill, 
the points mentioned mainly serve to illustrate 
that compaction control should be performed by 
actual inspection of the mechanical operations and 
can only be done by qualified persons.
No matter how homogeneous the fill material is,, 
there are many other variables that need constant 
attention in order to have the construction of a 
fill under complete control.
3.4.2 Horizontal Stresses during ‘and after Compaction
The following is a summary of the writer's experience 
from one particular road project, the Berger - Gran 
motorway east of Oslo. The geotechnical properties 
are summarized elsewhere in this thesis.
Early in the earthworks it became apparent that the 
control of the density of the compacted clay 
presented difficulties. The methods used were the 
water balloon (Soil test type) and a thin walled 
steel cylinder which was hydraulically pressed down 
into the clay. The steel cylinder with the clay was 
transported to a field laboratory and hydraulically 
extracted.
Densities and moisture contents were then determined. 
The length of the sample was nearly always only half 
or even less of the depth penetrated when the sample 
was taken and regular measurements of this was 
included in the sampling procedure.
When using the water balloon method the results 
tended to be on the low side of the results obtained 
by the cylinder method and in some cases the 
densities obtained was so high that they were 
rejected as incorrect.
When following the procedure in practice, however, 
it became apparent that if some time was allowed to 
elapse after a hole was made, the hole could be seen 
to close up. In other instances the hole kept its 
form and there was no movement that could be detected 
visually. To try and clarify this point a visual 
check was included in the routine control, and 
gradually a picture of what was happening began to 
emerge. The same visual inspection was made on the 
holes left by the steel cylinder.
The data from the compaction control show that 
visually the holes closed up in clays with moisture 
contents between 24% and 27% and at densities ranging 
from 1.96 to 1.99, (g/cc), in other words between 
very narrow limits.
The writer has formed the opinion that this is 
caused by the following:
When the compacted clay has a moisture content lower 
than 24% the compacted shear strength in these 
materials is high enough to prevent the deformations 
necessary to completely or partly close up a hole 
made in the material on a short time basis.
At moisture contents greater than 27% the horizontal 
stresses produced during compaction are small as 
continous plastic deformation occurrs during the 
compaction process.
Between these two moisture contents horizontal 
stresses are comparatively large and the "reproduced" 
shear strength of the material is not sufficient to 
resist the stresses and immediately deformations 
occur.
The horizontal stresses and the strains do of course 
occur at all moisture contents, but in the region 
mentioned the straining is fast enough to be observed 
visually.
As an attempt to measure these horizontal stresses 
the Road Laboratory installed a single pressure cell 
near the bottom of a clay fill. The face of the cell 
was orientated vertically and the measured stresses 
would be horizontal provided the cell was not 
disturbed.
As the data from this simple installation began to 
accumulate it was clear that the horizontal stresses 
started with quite high values, giving the ratio 
°y1/°v of 1.6. These values decreased during 
construction.
A minimum value was reached after twelve months of 0.74, 
and then a slow increase started. A maximum value 
0.82 was reached after two years, and then a new decrease 
started and is still going on nearly four years after 
construction. The present value, December 1975, is 0.62.
The fill is short and high, the length being about 
80 meters and maximum height about 14 meters. From 
this simple installation it is difficult to draw any 
definite conclusions, but the variations in stresses 
are very large and there are no indications of faults 
in the recording equipment.
The following explanation of this behaviour is 
therefore offered:
Due to comparatively dry materials, the compacting 
equipment induces high horizontal stresses early in 
the compaction process. The magnitude of these 
stresses is determined by the type of compacting 
equipment, compaction energy and the resulting 
reproduced shear strength of the material. This 
shear strength is probably mainly dependent on the 
moisture content of compaction.
As time proceeds, there is a gradual relaxation of 
these large horizontal stresses, associated with 
small horizontal movements of the whole body of the 
fill. Compacted clay being similar to over­
consolidated clay in many respects, only small 
deformations horizontally would be necessary to 
alter these stresses considerably.
After some further time has elapsed the horizontal 
stresses start to increase again, this increase is 
difficult to explain but one alternative is that it 
is associated with consolidation movements and the 
sharp "V" form of the fill.
It can be imagined that some sort of jacking effect 
may give rise to increased horizontal stresses.
After a longer elapse of time there is a steady 
decrease of horizontal stresses and finally a 
residual value is reached.
This last decrease of stress may well be related to 
a rising ground water table and a decrease in 
effective stresses. There is little doubt that on a 
long term basis, the ground water table will 
establish itself in some position high up in any 
clay fill. If after compaction, negative pore- 
pressures are present these will contribute to an 
artificially high effective stress level and this 
will in turn facilitate the build-up of high 
horizontal stresses. Subsequent wetting lowers the 
effective stresses and volume changes will take 
place.
The residual values of stresses in a compacted fill 
should be expected to be very similar to the values 
found in intact clay formations of similar geometry.
It should be remembered that the explanation offered 
is based only on measurements from a single fill and 
from one earth pressure cell only.
3.4,3 Compaction Control
The specifications for compaction can be seen in the 
Appendix, fig. 3.4.
The control of compaction limits itself to density 
and moisture content checks. Previously this v/as 
done by two methods:
a) The water balloon test.
b) Sampling tube pushed into the compacted material.
/
Today the compaction control is done by using 
radiometric equipment based on emmisi’on of gamma and 
neutron radiations.
This comparatively new method has several advantages 
compared with the conventional ones.
Provided the necessary checks are made on the quality 
• of the measured values, the radiometric methods are 
simple in operation and provide results more 
rapidly than the methods a) and b).
In the field situation the need for quick results is 
obvious and on one of the major motorway projects in 
Norway 1973, the Berger - Gran project, the writer 
performed experiments to determine the quality of the 
compaction control methods mentioned under point
a) and b), and the following is a brief account of 
these experiments.
The experiments were initiated by the fact that a 
large number of density tests seemed to give very 
similar results regardless of the actual compaction 
work done and it was decided to run all compaction 
tests with the two methods simultaneously.
A total of 46 tests was . run with the two methods and 
this gave the following results:
It is quite clear that strict research conditions are 
difficult to maintain on site, however, this small 
investigation gave rise to the suspicion:, that the 
material was actually compacted inside the steel 
cylinder when the sample was taken. Samples taken in 
undisturbed material by the two methods did not seem 
to give the same differences in the results.
It was therefore concluded that it had something to 
do with the compacted material.
The properties of .compacted material are widely 
different from the intact material and in particular 
the horizontal stresses, and it can be visualized 
that the friction inside the steel tube is large 
enough to cause a compression of the material during 
the actual taking of the sample. The water balloon 
method also sometimes gave either very high or very 
low densities without any apparent explanation.
After having visually inspected the actual field 
testing for some time it was decided to include a 
visual check on the hole in the ground after both 
sampling methods, and measurement of the depth of the
Water balloon 
1.78 
0.15 
23.1
Steel Cylinder
Average wet density g/cc 
Standard deviation 
Average moisture content, %
2.00
0.09
24.8
hole left by the steel cylinder. These observations 
were made over a period of three months and gave the 
following results:
The hole left by the steel cylinder after taking a 
sample was practically never equal to the length of 
the sample inside the cylinder. Frequently the 
length of the sample obtained was about half of the 
penetrated depth. The visual inspection of the hole 
after the sample was taken, gave the following 
results: The hole in the compacted material was
seen to close up in many instances and by considering 
the data from the tests afterwards this occurred at 
moisture contents ranging from 24% to 27% and 
densities from 1.96 g/cc to 1.99 g/cc, in other 
words between narrow limits. The total number of 
tests was.. 140.
The writer has formed the opinion that the compacting 
equipment reproduces a shear strength and at the 
same time initiates stresses that are related in some 
way. At moisture contents higher than 27% the 
stresses induced are small because the material 
deforms., under plastic flow and resistance to 
deformation is small. At moisture contents less than 
24% the reproduced shear strength is high enough to 
prevent deformation caused by the stresses, at least 
visually.
At moisture contents between these two values the 
reproduced shear strength is not high enough to 
prevent deformation i.e. the hole closes up. One 
may therefore expect that fills constructed of 
comparatively dry materials may have large horizontal 
stresses acting within the fill and fills constructed 
of wet material have smaller horizontal stresses.
The same explanation is offered why the water balloon 
method sometimes give too high densities. The reason 
for this method giving too low values is simply that 
in soft material the pumping of the balloon into the 
hole in the material increases the hole and give a 
larger volume than the correct one.
On the basis of this and considerations about time taken 
in using these methods, the compaction control changed 
over to radiometric equipment.
These instruments were tested and tried out in practice 
and found to give very reliable results especially as 
far as wet density is concerned.
The measurement of moisture content is more 
difficult and not yet quite reliable.
These instruments have the great advantage that the 
test results are available only one or two minutes 
after the tests are taken. This means that 
instructions about compaction can be given immediately 
on site and valuable time can be saved. Further, the 
simple operation of these instruments makes it 
possible to take a large number of tests, and 
consequently greater confidence can be placed as to 
the overall quality of the fills.
Another important aspect of compaction control is the 
arrangement on site of the various machinery. A fill 
should be constructed over the full width and length and 
all temporary roads and the like should be cleared 
away. The actual plan and operation of a fill 
construction should be simple and straight forward, 
and during the work the fill should have a tidy 
appearance, and this sometimes is the best guaranty 
of a good result.
.Hot weather
High temperatures and especially if this is combined 
with strong winds, will lower the moisture content 
in excavated materials fairly quickly.
If, the normal compacting equipment used is dozers 
with belts, the material can prove impossible to 
compact to the specified standards.
In these instances a change in machinery has to be 
made, perhaps to rubber tyred dozers or similar 
equipment.
In order to avoid these changes in machinery, several 
methods can be used.
As time is evidently an important factor in these 
cases, the excavation, transport, spreading and 
compaction should be performed as quickly as possible. 
Normally, these operations should be performed as 
quickly as possible in any case, but some special 
effort may have to be made in these instances.
Such special efforts may be the increase of number of 
machines so as to have a temporary increase in 
production. In hot weather there is a real danger of 
being left with a fill with a very high air content 
with the subsequent danger of high absorption of 
water. This later absorption of water may lead to 
instability or perhaps even to piping failures in the 
case where ground water seepage is heavy.
In order to minimize loss of moisture, only limited 
areas of excavation may be opened up, the smaller the 
area left open to the sun and the wind the smaller the 
amount of moisture which will evaporate.
Escavation may also be arranged in such a way that a 
mixing of dry and wet materials is made, this is 
however a difficult arrangement to make in practice 
but it might be worth trying in some instances.
The actual control of density and moisture contents 
should be carried out as a fixed number of tests 
related to a specific volume of compacted material.
In order to avoid a change in machinery the material 
should be excavated, transported, spread and compacted 
as quickly as possible.
A balance should of course always exist between these 
operations, but it is especially important in dry and 
hot weather.
Cold weather
By cold weather temperatures below 0°C are considered.
Compaction of fills in sub zero temperatures is not 
generally done, however, on a few occasions field 
trials have been performed.
The construction season in cold climates is short and 
it would be desirable to be able to perform all 
construction work throughout the whole year.
There is one requirement that is quite clear:
No material can be compacted properly if the 
porewater is frozen.
This may seem to stop any attempt to do any work during 
the winter but this is not the case.
Below a depth of say 1-2 meters the material still 
has temperatures above zero during the winter and 
the problem is then to excavate, transport, spread 
and compact before the material has reached a 
temperature below zero.
During a period of the winter 1971 a fill was 
constructed behind a bridge abutment. The material 
was a sand and the volume of fill was about 15 000 m 3. 
During this operation the temperature was down to 
-18°C and generally the temperature was around -12°C.
The construction of the fill was continuous over the 
whole period and compaction was done mainly by 
vibrating rollers and rubbertyred showels. The 
temperature in the material when excavated, was 
about 4-5°C and after compaction was finished 
ranging from about 0-l°C. No particular problems 
were encountered and the fill shows at present no 
settlements of practical importance.
In clay materials the same operation can be done but 
this requires close supervision and control. A few 
fills have been constructed during winter condition. 
Some of these have performed well, but others have 
not been so successful.
In the writer's opinion the following requirements 
have to be met in the case of constructing fills during 
winter conditions:
a) No material can be compacted in a frozen state.
b) Excavation has to be arranged in concentrated 
areas and all frozen top soil removed only 
immediately before the material is excavated.
c) The whole operation from start to end of fill 
construction has to be continuous and there has 
to be extra machinery available in case of 
breakdowns.
d) Temperatures in the material must be checked 
frequently both in the excavation and in the 
fill.
e) Compaction has to be performed immediately after 
spreading the material and extra machinery must 
be available in case of break-downs.
f) The whole operation must be supervised 
continously on site by experienced personel.
As the construction season in many countries is very 
short, the technique outlined above will steadily be 
improved upon and in future fill construction is 
likely to increase during the winter season.
3.4.4 Suitability of Fill Material
One of the biggest problems facing soil mechanics 
in the field is the correct assessment of the 
suitability of excavated material to be used in fill 
constructions. This assessment has to be done during 
the planning stage of a road as the mass balance 
depends on this.
A wrong forecast of the suitability of materials may 
have serious consequences as far as economy of a 
road project is concerned. An increase in material 
cost of say 50% to 100% would not be uncommon. The 
Norwegian Road Research Laboratory in cooperation 
with the writer has- over the past few years tried 
to establish criteria for classification of materials 
for this purpose. The problem is, however, extremely 
complex, as it involves not only the materials, but 
to a high degree machinery and how they are operated, 
weather conditions and the efficiency of the site 
control. A simple graph is presented in the Appendix 
summarizing the results of the investigations so far.
The graph indicates various gradings of materials 
and moisture contents and the expected field 
behaviour. Soil mechanics field investigations have 
to take the necessary samples for this purpose.
Suitability of materials is essentially related to 
two major questiqns :
a) What are the practical limits for excavation, 
transport, placing and compacting the materials?
b) What is the result of using the materials in 
respect of stability and settlements?
The question under point a) can be answered simply 
by trial and error in each particular project, 
however, it would be desirable to establish general 
criteria for these operations. Then already at the 
planning stage, a nearly correct assessment of the 
volumes of material could be made.
Excavations
From the materials considered in this thesis the 
following may be concluded:
- Excavation and transport using heavy scrapers 
usually stops at a moisture content around w = 25%.
- Heavy dozers, such as D9, ground pressure 
0.9 kp/cm2, can carry on up to approximately
w = 28%. Beyond this point'lighter dozers have 
to be used down to for example D4, ground pressure 
0.20 kp/cm2. •
- At about w = 32-33% excavation can only be 
performed by back hoes or draglines.
Trans-port
In the case of using large scrapers or trucks, the 
transport roads often are the main problem. To 
give for instance indications of the quality of 
these roads by merely quoting a moisture-content 
is not possible. The problem is a bearing capacity 
one, and usually special roads have to be built and 
these roads have a considerable constructional depth,
depending of course on the underlying soil. Special 
methods are often used such as for instance using 
glassfibre cloth directly on soft ground and then 
building a road on top. The fibre mat serves as a 
separating layer between the soft underlying soil 
and the material used for the road construction. 
Frequently loss of bearing capacity arises from 
mixing soft underlying soil into the sandy or 
gravelly material used for the road itself.
Another method may be using bark from fir or spruce 
trees directly on soft ground and then running the 
transport machinery directly on top, the thickness 
of this bark will vary but on soft ground 1.0 to 
1.5 meters would not be uncommon. In countries with 
large forestry production this may turn out to be a 
very economic proposition. Using dozers with belts 
the problem of haulage roads only becomes important 
when the dozers no longer can excavate material and 
then there is no transport problem.
Placing and compacting the materials are mentioned 
in a later section in this chapter.
If any general conclusions can be drawn from 
experience of the clay used in this thesis it may be 
the following:
1) Heavy scrapers can be used for excavation and 
transport up to a moisture content of W = 25%. 
Generally the index properties of these materials 
are:
W = 23-27% WT = 34-37%p L
or in other words, this machinery can only be 
used around or slightly above the plastic limit 
of the soil.
2) Heavy dozers with belts can be used up to about 
W = 28%.
3) Light dozers with belts can be used up to about 
W » 32%.
The problem under point b) is far more difficult to 
have any useful opinion about.
Present practice of limiting the use of clays to an 
upper limit of W = 30% has proved in practice to be 
on the safe side. With layers spaced 1.30 m 
vertically in a large number of fills that have 
been under traffic for several years, there have 
been no difficulties as far as settlements 
are concerned, and to the writer's knowledge no 
compacted fill has failed.
On the other hand a compacted fill will nearly never 
consist of material as wet as W = 30% throughout, 
generally moisture contents range from 22-23% up to 
30%, and here is one of the main problems.
Any settlement and stability calculation for a 
compacted fill has to be based on assessment of the 
position of the various types of material in the fill 
itself. In fact, it can be imagined that these 
considerations might determine the sequence of 
construction in for instance calling for the wetter 
material to be placed at a certain level in a fill.
In such instances, the economy of the proposals 
should be investigated thoroughly, it may be that 
the wetter materials could be placed elsewhere and 
perhaps sand layers could be placed at shorter 
distances and still the overall economy of the 
project would be acceptable.
To call for instance for the wettest material to be 
placed in the bottom of a fill may give problems as 
when an excavation is opened up the top material is 
comparatively dry and the moisture content increases 
with depth.
The W = 30% limit is wholly based on experience and it 
is therefore intersting to note that this is about 
1.3 x Wp which is in the region often quoted in the 
literature (Ground Engineering 1973).
On projects where the volumes of cuts and fills are 
large, there is an increasing need for being able 
to forecast the. suitability of the material at an 
early stage in the planning of a road.
This forecast may give a direct effect on the 
position of the vertical alignment of the road and. 
will also determine whether additional and more 
expensive material has to be used, for instance to 
make up the fills.
The whole process of soil investigation, reports, 
planning and design and finally the actual 
construction has to be systematized and the following 
is an example of how this can be done.
Considering a section of a road where a soil 
investigation has been carried out and the alignment 
is fixed the mass balance can now be calculated.
However, in order to do this an assessment of the 
suitability of materials has to be made. The 
materials along the road section may then be divided 
into three groups:
a) Suitable as fill material.
b) Uncertain suitability as fill material.
c) Unsuitable as fill material.
By considering the graph in the Appendix the first 
group of materials would all be free draining 
materials and also clay up to a moisture content of 
say 30%. The grading curves would be positioned 
either to the left or to the right of the curves 
given in the graph.
The second group would be materials with fine sand 
and silt as the dominating fraction and the suitability 
of this material is very difficult to determine.
If this group represents the bulk of the volume of 
materials to be used in fills some special 
arrangments can be made in order to ensure the 
maximum use of these materials. Such arrangements 
may be the following:
a) Alternative layers
A common situation on site is shown in Figure 3.1, 
where a fill is supplied with materials from two 
adjacent cuts.
Looking at Figure 3.2, quite frequently 
comparatively small areas are left in the cross- 
section and the volume of suitable material is 
decreased and consequently the volume of 
unsuitable material is increased. In both 
cases it usually means additional cost of the 
road project. If the loss of suitable material 
means that replacement has to be done with for 
instance sand, gravel or rock, the cost increase 
would be considerable.
If for instance the border line between the 
materials is constantly a little higher in the 
profile it also means a constant loss of 
suitable material with the same results as 
mentioned before.
It is therefore of great importance that the 
site control staff is constantly checking the 
levels in excavations and that the necessary 
tests are run both in order to keep the 
specifications on the present project, but also 
in Order to furnish data of general importance 
in this field.
The writer performed such checks on the Berger - 
Gran section and the results can be seen in the 
Appendix, fig. 3.2.
Nearly all profiles show a different position of 
the border line than originally predicted, and 
gave a total loss of suitable material of 
considerable magnitude. It is therefore obvious 
that attention has to be paid to this side of the 
problem in order to keep the loss of suitable 
materials down to a minimum in the future.
The materials of different quality are placed in 
alternative layers and as as much of the "poor" 
materials are used as possible. The problems in 
the materials of type b) arises from low bearing 
capacity and high sensitivity to increased moisture 
content for instance due to rainfall. Another way 
of "stretching" the use of these intermediate 
materials is to place them in layers as thick as 
possible and then increase the use of horizontal 
sand drains. This is of course an economical 
problem in each case.
Materials in group c) have to be rejected and either 
placed in counter fills, used for agricultural 
purposes or what is best in the actual situation. 
These materials would be fine sand and silts and 
clays with very high moisture contents. Quick
clays also fall into this group.
If these precautions are taken and the total mass 
balance of a project show an overall balance, then 
everything should be satisfactory.
Unfortunately, this is not the case. As the mass 
balance is made on the assumptions mentioned, the 
field control has to be very strict and efficient.
It.is much more easy to destroy materials in group
b) than to improve their suitability for the use in 
fills.
There is a constant loss of suitable material on a 
road project and some of the most common causes are 
listed below:
a) Wrong type of machinery
Clays with moisture contents below 30% are 
considered suitable as fill material. However, 
if machinery imposing large strains on this 
material is used the bearing capacity may 
decrease to such low values that compaction 
cannot be carried out. Such machinery would be 
for instance scrapers at moisture contents above 
26-27% in the clay considered in this thesis.
Some materials having a high fraction of fine 
sand and silt can be placed and compacted in 
fills if care is taken not to disturb the 
materials beyond a certain limit. The choice of 
machinery is important, for instance if there is 
a high fraction of fine sand and silt and this 
material is saturated or nearly saturated, 
vibratory compaction would in most cases destroy 
the bearing capacity completely and even make it 
difficult to compact the next layers of materials * 
On the other hand, if the material was placed by 
using a dozer with wide belts, the bearing 
capacity of the material could be retained and 
compaction could proceed higher up in the fill 
with ho problems.
b) Weather conditions
Working in water sensitive materials means that 
when rain starts all operations have to stop.
If this is not done, water is mixed into the 
material and will not escape until a long time 
after the rain has stopped and such material has 
to be run to waste from the fill. This is a 
waste of money and time and is not necessary.
c) Site control
The checking of profiles is-, extremely important 
for two reasons:
Firstly, the border line between materials for 
road fill and waste should be drawn in the cross- 
sections and as the project advances, the actual 
border line between the two groups of material 
should be drawn. Secondly, these lines provide 
valuable information to the soil mechanics 
consultants.
Usually these lines give the basis for calculation 
of volumes and in order to ensure the correct 
payment to contractors these volumes have to be 
found in any case.
Figure 3.2 show an example of how it often looks 
in a practical case.
Table 3.1 in the Appendix indicates what
types of machinery can be used at various moisture
contents and soil types.
The writer would, however, emphazise that this 
information only serve as a rough guide, in the 
field when in doubt, full scale trials should be 
performed.
.5 THE COMPLETED FILL
The completed fill is shown in the Appendix fig. 3.3
Shortly after completion various processes take 
place within the fill involving both consolidation, 
lateral spread and relaxation of horizontal stresses
A borderline of saturation is slowly moving upwards 
in the fill due to the gradual dissolving of pore 
air, and capillary rise from the original ground 
water table, as shown in Figure 3.3.
This horizon will probably be very irregular, the 
material as a whole beneath this line will be 
saturated though local air bubbles may be expected 
even here. These residual air bubbles will be the 
bubbles that originally were larger than the other 
bubbles.
Above this horizon a continual process of air 
dissolving into the pore water goes on associated 
with a volume change.
The horizon may be defined by this volume change 
criterion, i.e. the point at which undrained volume 
change takes place above but not below. A volume 
change will occur by consolidation if the stresses 
are high enough.
In the event that the fill is short and deep the 
necessity for extra surcharge should be considered 
to accelerate settlement both in the fill material 
itself and in the original material on which the 
fill rests.
Usually the time schedule for the whole road 
construction will decide whether the surcharge can 
act over a longer period of time or not; in any 
case the construction of the top layer of the road 
should be delayed as long as possible.
The stability of a compacted fill is a very complex 
problem both on the long and short terms basis and 
is treated separately in this thesis.
6 SOIL MECHANICS IN RELATION TO PLANNING AND DESIGN 
OF ROADS
In recent years the location of roads in built up 
areas is governed by other criteria than those of 
soil mechanics.
The soil mechanics investigations are therefore 
carried out to be able to decide what measures 
have to be taken in order to make it possible to 
build the road along a certain route.
The problems are consequently well defined to the 
soil mechanics consultants and divide. itself into 
two groups, safety and economy.
The safety aspect of soil mechanics is well known 
and part of every consultant's normal work and the 
economic aspects are also of course considered. 
However, it is felt by the writer that the soil 
mechanics profession is more able to deal with the 
safety problems than the purely technical and 
economical side of the actual construction.
These two sides can, however, not be separated, as 
one side very often depends on the other.
The importance of being able to forecast the 
suitability of material for embankments on a 
specific road project has been mentioned earlier. 
This can not, however, be done by considering the 
material and weather conditions alone. There is 
no doubt that one of the decisive factors in using 
difficult materials to obtain a high quality fill 
is the operator on the actual machine compacting 
the soil.
There is no procedure in soil mechanics today 
concerning this side of the problem. The more 
difficult the materials are, the greater the 
dependancy on skilled operators of the machinery 
involved.
A soil mechanics investigation and the reports do 
therefore not finish when a road project starts, on 
the contrary, soil mechanics information should be 
gathered throughout the project and also perhaps 
years after the completion.
Without this very close cooperation between soil 
mechanics and actual construction, soil mechanics 
will lose perhaps the most important check on its 
own profession.
The soil mechanics reports should therefore include 
complete descriptions of technical procedures in all 
aspects of the construction work. The feed-back of 
information should be outlined, and persons should be 
especially appointed to keep a continous contact 
between soil mechanics and construction work.
It is the writer's opinion that soil mechanics 
reports to be used as contract documents should be as 
short and precise as possible and not contain 
anything that is not directly relevant to the actual 
project.
Most of the soil mechanics information should be 
transferred to actual plans and drawings and made as 
easy accessible as possible.
After a project is finished it would be beneficial to 
all. parties if some time was spent on discussing the 
project, especially the least successful sides of it.
. 7 SUMMARY
This chapter contains some of the experience and 
thoughts the writer has on various aspects of soil 
mechanics in road construction.
Some of the points could have been elaborated upon, 
it was felt, however, that only a brief account 
would be suitable in this thesis.
The writer has a feeling that there exists a 
division between theoretical and practical soil 
mechanics and furthermore as theoretical soil 
mechanics become more and more complex, the gap 
between that and the construction side seems to 
increase.
This is a development that has to be checked, as the 
consequences might be very grave.
As the solutions to engineering problems become more 
and more refined and complex, there can be little 
doubt that the factor of safety is steadily 
decreasing and the necessity for everybody involved 
to be fully aware of this is evident.
There is probably no simple solution to this problem 
other than an interchange of personel between the 
theoretical soil mechanics side and the construction 
side.
4,0 TRIAXIAL TESTING OF LABORATORY COMPACTED SPECIMENS
4.1 INTRODUCTION
In order to decide the type of triaxial test to be 
run on the compacted materials, a number of pilot 
tests was performed. These tests also included 
trying out various methods of making the samples 
and their size. After these tests it was decided 
to use 4" by 4" (10.2 by 10.2 cm) samples compacted 
in a split form mould with a pore pressure probe 
with AEV = 2.1 kp/cm2 to measure the pore pressure. 
The base and top-plates of a Standard Wykeham 
Farrance H" triaxial cell was redesigned to allow 
"free ends" to be used.
4.2 PRELIMINARY TESTING
The following is an account of the preliminary and 
the main testing programme on laboratory compacted 
samples. The material used is denoted B-G clay and 
all the usual data on this material are given in the 
Appendix, table 5.1.
These tests were performed at the University of 
Surrey.
4.2.1 Preparation and Testing of Specimens 3.8 by 7.6 cm.
Twelve specimens were made, four of these had 
identical moisture content, the remaining specimens 
had varying moisture contents.
Overdried B-G clay was crushed and sieved through 
B.S. No. 14.
The soil was then mixed with distilled water to the 
required moisture-content. The mixing was done by 
hand until the soil attained an even colour. Two 
samples were sieved, mixed with water, compacted 
and tested on the same day. The rest of the 
samples were stored after compaction at least 
24 hours.
For all the specimens the compaction followed the 
following procedure:
The soil was deposited in a steel mould, Ik" in 
' diameter, in layers, and each layer was heavily 
rammed by a % ” diameter steel rod. The number of 
layers in these specimens varied from 7 to 9. 
Finally the specimens were subjected to compression 
giving all specimens the same length. The specimens 
were extruded immediately before testing and 
jacketed in the normal manner.
No attempt was made to study the effect of the 
compression on the specimens.
4.2.2 Apparatus
The apparatus used was a standard Wykeham Farrance 
machine and cell.
Pore-pressures were measured through the base which 
had a central 1/4" (0.6 cm) diameter porous stone.
A clockhouse Automatic Pore-pressure Recorder was 
used to measure the pore-pressures.
4.2.3 Test Procedure
The specimens were jacketed and placed in the 
triaxial cell in the normal manner.
The cell was filled with water and cell-pressure 
* was raised in stages of 0.7 kp/cm2 and the 
corresponding pore pressure was recorded with time. 
Unless otherwise stated each cell pressure increment 
was left on for 15 minutes before the next increment 
was added.
4.2.4 Saturation of Pore Pressure System
The apparatus can be divided in two parts, the oil- 
filled leads and the perspex null-indicator, and the 
porous stone and the connections to the point where 
the null-indicator is attached to the stopcock on 
the baseplate.
The Auto, Clockhouse Apparatus needs only to be 
checked for leaks, then oil is fed to the null- 
indicator by using the hand pump. By tilting the 
null-indicator slightly, all spaces are easily 
filled, and when oil is flowing from the connection 
tube to the baseplate, all valves on the Auto. 
Clockhouse Recorder are closed. The apparatus was 
now ready for use.
The saturation of the porous stone with connections 
was done in the following manner:
A short sieve was placed on the pedestal and 
* distilled water added. The cell was placed in 
position and a small air-pressure was induced in the 
cell.
When the pore pressure value was opened, the distilled 
water flowed through the porous stone and through 
the lead to the point where the null-indicator was 
to be connected. This flow was maintained for about 
5 minutes.
The null-indicator was then connected to the pore- 
pressure-outlet and a small pressure was induced in 
the oil. The locking nut on the connection was 
gradually tightened while oil/water was flowing 
through the threads of the locking nut. This proved 
to give a very near air-free circuit. Before the 
cell was removed all valves were closed.
4.2.5 Results
The main conclusions that can be drawn from these 
tests were the following:
a) The method of compaction gave far too high 
densities compared with those of the field.
b) The moisture content distribution throughout 
the specimens varied within about 1% in spite of 
storing at least 24 hours.
The test results can.be seen in the Appendix, 
table 4.1.
PREPARATION AND TESTING OF 10.2 BY 20.4 CM SPECIMENS
The soil was ovendried, crushed and sieved as 
previously described and mixed with distilled 
water.
By using a compaction machine the soil was compacted 
in a steel mould in 8 layers. The sample was then 
extruded, trimmed to the desired size and weighed 
and measured.
The measurements were taken with a calipers* the 
height in four positions and the diameter at top 
and bottom. The samples were jacketed in the normal 
manner using a membrane stretcher.
3,1 Apparatus
A new baseplate and top-cap was designed and built 
to enable the tests to be carried out with 
lubricated ends. Drawings and description of the 
apparatus are given in the Appendix, fig.4.4.
Facilities were made for measuring the pore-pressures 
at midheight and at the bottom of the sample through 
a h" diameter ceramic disc with an air entry value of
2.1 kg/cm2. The ceramic was choosen because with a 
porous stone the air in the samples will enter the 
Pp measuring system and destroy the measurements. 
Top-cap and baseplate had polished brass faces and to 
ease the lateral expansion of the specimens, circular 
rubberdiscs were made to fit on the pedestal and 
top-cap.
In order to relieve the circumferential stresses in 
the rubber discs, cuts were made radially in the 
rubber. Between the rubber and the brass plates a 
heavy silicone -grease was used. The grease was 
spread by using the fingertips leaving a layer of 
silicone of about \ mm thickness in the brass-faces.
The rubber discs were made from 4" by 8" ,(10.2 by
20.4 cm) standard triaxial sieves, this rubber had a 
thickness varying between 0.28 mm to 0.33 mm.
Pore-pressures were recorded by Auto. Clockhouse 
Meter as previously described.
A paraffin volume indicator was used to measure the 
flow of water into the cell during the test, i.e. the 
volumechange of the specimen. (Plus extra air 
trapped behind the membrane).
The triaxial machine cell was a reinforced Wykeham 
Farrance type with a rotating bushing. A mercury 
dashpot/spring system was used to keep constant cell 
pressure.
Strainrate was in the instance: 3 mm/h measured by
running the machine for 1 hour.
,3,2 Test procedure
The object of the test was to study the effect of 
using lubricated ends and to test the efficiency 
of the ceramic probe.
The test was performed as an undrained test with 
pore-pressure measurement.
After test the sample was cut in sections for 
moisture content determination.
4 . 3. 3 Saturation of Pore-Pressure-System
The whole triaxial cell was filled with deaired 
water and a pressure of about 9.0 kp/cm2 was applied 
and left on for several hours with the connections 
to the Pp system open.
Water was now flowing through the ceramics and out 
of the Pp outlets. The stop-cocks were closed and 
pressure was allowed to build up between the 
ceramics and the stop-cocks. When the stop-cocks 
were opened water was flushed through under pressure. 
This procedure was repeated several times.
The Auto. Clockhouse Meter was connected and the 
whole system was tested for hardness by applying a 
cell-pressure and registering the corresponding 
pore-pressure.
These tests showed that air was still present in the 
system, by the timelag between cell-pressure and the 
pore-pressure. •
The apparatus was dismantled and because of suspected 
clogging of the ceramics from the epoxy resin used to 
cement the ceramics into the brass plate, 3 mm was 
machined off both brass faces. Having checked that 
the ceramics were solidly cemented into the brass (by 
observing them after machining off) a different 
method of saturating the system was adopted.
A "backpressure" of about 0.7 kp/cm2 was applied to 
the ceramics. After some time small drops of water 
could be seen on the surface of the ceramics and this 
pressure was kept on for several hours. This 
procedure allows a visual check to be made on the
ceramic discs. Water should appear evenly across 
the surface of the discs and no leaks should occur 
around the edges of the ceramics. In addition this 
is a very easy way to saturate the system, only small 
amounts of distilled water are needed. The cell was 
then assembled, filled with distilled water and 
pressure was applied.
When the system now was tested for hardness the 
timelag was about 50 sec.
This was considered to be satisfactory.
.3,4 Placing the Specimen in the Triaxial Cell
The stop-cock on the "back-pressure" lead was closed 
leaving some water on the ceramic disc. This water 
was blown off and the rubber disc was carefully 
i dried with tissue paper. The rubber sleeve was
rolled back on ‘the sample and the sample was placed 
centrally on the pedestal.. The sieve was rolled 
back down the pedestal sides and in spite of many 
attempts it was impossible not to trap a considerable 
amount of air between the enlarged pedestal and the 
sample.
The procedure was repeated for the top-cap with the 
result that air was trapped in the same manner as for 
the pedestal. The sleeve was secured by two o-rings.
The cell was assembled and filled with water, some 
small amount of air was trapped under the top of the 
cell which proved impossible to remove in.any of the 
tests.
Test No. 25
w = 25.5% yb = 2.05 g/cc
The Cell pressure in this test was 2.8 kp/cm2 and 
strain to end of test was 13.8%. Stresses and 
strains are shown in the Appendix, fig. 4.5.
Mode of failure
After the specimen was removed from the pedestal the 
rubberdisc and the specimen were examined. The pre­
cut splits ; in the rubber had widened considerably 
clearly showing that the rubber had been stretched 
during the test.
The specimen itself showed a clear failurezone at an 
angle of about 60° with the horizontal, roughly 
running from the edge of the top-cap across the 
specimen to the edge of the pedestal. Around the 
sample there were numerous small cracks indicating 
local failures.
A small bulge was visible at the bottom of the sample. 
The specimen expanded its diameter both at the top and 
at the bottom with 0.8 cm, with only small local 
bulges in the middle.
Directly behind the cuts in the rubberdiscs, cracks 
were formed in the clay, the maximum depth of these 
was measured to 0.8 cm. A circular crack was also 
formed in the position where the cuts for the pore- 
pressure-ceramics were made.
This suggests that the cuts in the rubberdiscs 
tend . to concentrate the strains, and for later 
tests the cutting of the rubberdiscs was omitted. 
During the whole test the pore-pressure dropped 
evenly.
Moisture content distribution after testing is given 
in the Appendix, fig. 4.6.
4,3,6 Conclusion
The conclusions from Test No. 25 can be summarized 
as follows:
a) The redesign of the pedestal and top-cap and the 
use of high air-entry ceramics appears to 
facilitate testing of samples with lubricated 
ends.
* b) The specimen appeared to be but a little restrained 
at the ends, expansion was nearly equal at both 
v.i ends.
c) The use of precut slots in the rubberdiscs will 
be discontinued’ owing to their apparent ability 
to concentrate the strains and cracking the 
specimen at these points.
d) Pore-pressure dropped evenly throughout the test.
e) It proved impossible to avoid trapping a 
considerable amount of air between the pedestal/ 
top-cap and the specimen.
4,4 PREPARATION AND TESTING OF 10,2 BY 10,2 CM SPECIMENS 
Points 1-5 as for test No. 25.
4,4,5 Discussion 
Test No. 26
This test was performed as test No. 25 with the 
exeption of the following points:
Rubberdiscs were used without cuts.
In order to avoid trapping air between the pedestal/ 
top-cap a triangleshaped fillet of clay was made and 
fitted into the corner at the top and bottom cap.
When the membrane was placed this time the impression 
was that only a very small amount of air was trapped.
The cell-pressure in this test was 4.92 kp/cm2.
w = 21.7% yb = 2.05 g/cc
Final strain: 17.2% Strainrate: 3 mm/h
Pore-pressure was measured through the central disc 
in the pedestal.
Mode of failure
The specimen did not fail, the stress increased with 
strain throughout the test.
After the test a crack across the face of the top 
of the specimen could be seen. The crack was along 
a straight line about 6.0 cm long and 0.3 cm wide.
The depth of the crack was about 2.0 cm.
This is thought to be a weak zone formed when 
extracting the sample from the mould. As mentioned 
earlier this was done by a hydraulic piston and 
during the extraction the top surface of the sample 
was clearly seen to bulge, mostly in the centre.
This bulging is caused by the restraint from the 
side of the mould and will probably be present in 
all specimens, to a greater or smaller degree, and 
it is suggested that this was the cause for the 
cracks formed at the top of the specimen in the test.
3h all cases where specimens are compacted in the 
laboratory attention must be paid to this point, as 
the test-results and later the conclusions can be 
affected of how the specimens were extracted rather 
than the fundamental properties of the soil.
This time no cracks could be seen around the edges 
of the sample, however, there were fine cracks 
around the hole in rubberdisc for measurements of 
the pore-pressures.
The moisture-content-distribution after the test is 
shown in the Appendix, fig. 4.7..
4,6 Conclusions
a) The concentrated areas of cracking around the 
edges had disappeared, but the cracks around the 
central hole in the membrane were still present.
b) The specimen showed a larger expansion at the 
top than at the bottom, together with a crack 
at the top. This is probably caused by the 
bulging occurring during extraction of the 
specimen thus forming weak areas in the specimen
c) The measurement of pore-pressures through a 
ceramic in the pedestal did not present any 
detectable difficulty, after an initial increase 
the pore-pressure dropped evenly throughout the 
test.
d) The use of the clay "fillets" seemed visually to 
reduce the column of trapped air considerably.
• e) The distribution of moisture after the test
showed a gradual decrease towards the bottom of 
the sample.
4.5 TEST NO. 27
Points 1 to 4 as for test No. 26.
4.5.5 Discussion
After the compaction when extruding the sample a 
large bulge could be seen at the centre of the 
specimen. Cracks were going radially out from the 
centre of the bulge. 2" were cut off from this end 
in an attempt to avoid the influence of this in the 
test.
However, when testing this specimen a large tilt 
appeared very early, in the test and the test had to 
be terminated at this point. The large bulge that 
had to be trimmed before the test, might have given 
•rise to uneven densities at the end of this sample 
and thus inducing the tilt.
For further making specimens a brass mould with 
polished inside together with silicone grease will 
be used in order to minimize the frictional 
restraint from the side of the mould.
4.5.6 Conclusion
a) A new mould with very smooth sides and with a thin 
film of silicone grease will be used in further 
tests. This reduces the friction between the 
sample and the mould when extracting the sample.
b) The measurement of pore-pressure did not give any 
problems.
4.6 TEST NO. 28
Points 1 to 4 as for test No. 27.
4.6.5 Discussion
The specimen expanded very uniformly and the final 
strain was 23.0%. Expansion could be seen at about 
2% strain during the test.
w = 22.0% yb = 2.00 g/cc = 1.4 kp/cm2
After test no failure plane could be seen and there 
were no visible cracks, except around the holes in 
the rubber discs.
4.6.6 Conclusion
a) Lubricated ends seems to enable the specimen to 
expand laterally without bulging at the middle.
b) Cracks still appeared around the hole in the 
rubber discs and it was decided to design a probe 
of the same ceramic to be used from the side of 
specimens. •
c) No apparent difficulty was found in measuring the 
pore-pressures.
d) The distribution of moisture after the test is 
shown in the Appendix, fig. 4.8.
TEST NO. 29
Points 1 to 4 as for test No. 27 except the soil was 
now compacted in a split mould former and waxed and 
stored for 24 hours.
5 Discussion
When the sample was to be stripped this proved to be 
impossible, the sample itself cracked. By studying 
the crack-surfaces layering could be clearly seen 
and each layer had a curved surface with the lower 
part of the curve in the centre of the specimen. 
Moisture content was 22.5%.
This sample was .not tested in the triaxial cell.
6 Conclusion
a) Compaction leads to curved layers in the specimens. 
This curving of layers (which have been observed 
in other specimens as well) is brought about by the 
compaction rammer hitting the soil about 1.0 cm 
away from the side of the mould thus allowing some 
soil to stick to the sides. The soil near the 
edges of the mould will offer greater resistance 
to deformation,, therefore a gradual curve upwards 
will develop. In addition to this every time the 
rammer hits the soil some of this force acts on the 
mould itself and expands it. When the blow is 
finished the mould contracts and acts on the specimen. 
This happens after each blow, but it is possible 
that a build-up of this expansion goes on through­
out the compaction and when the compaction is over 
and the specimen is stored, there is a small 
continuing contraction of the mould. This may have 
some effect on the specimen, but it is not clear 
how.
4.8 PORE-PRESSURE MEASUREMENT AT BASE AND MIDHEIGHT
TEST NOS. 30-31 AND 32.
4.8.1 Preparation of Sample
The sample was prepared in the usual manner by 
compaction with a Standard Proctor hammer giving 
25 blows to each layer. The total amount of layers 
was 8.
The specimens was weighed and measured and a sleeve 
was put on in the usual way.
4.8.2 Apparatus
The same apparatus, as described under point 2, with 
the addition of another Auto. Clockhouse Pp-meter, 
to measure the pore-pressure at mid-height of the 
sample through a ceramic probe. The design of the 
probe-arrangement is shown in the Appendix, fig. 4.9
4.8.3 Test Procedure
The cell pressures used were 1.40 - 3.52 and 
5.62 kp/cm2 and were applied gradually by hand, then 
the mercury dashpot system was utilized to keep the 
pressure constant.
The pore-pressures both at the bottom and at the mid 
height were then recorded with time, the shear test 
started after about 20 hours. The corresponding 
plots can be studied in the Appendix. After the 
test was finished the specimen was measured and 
weighed and cut in slices for moisture content 
determination.
4.8.4 Saturation of the Pore-Pressure-System
The same procedure as outlined previously was used.
The probe was saturated by applying a pressure 
towards the probe, allowing this pressure to act for 
several hours.
4.8.5 Placing the Sample in the Triaxial Cell
The sleeved sample was placed on the pedestal, the 
triangular clay-fillets were put in place, the sleeve 
rolled down the pedestal sides and secured by two 
O-rings.
A circular hole was cut in the rubber membrane at 
mid-height by using a pair of tweezers and a razor- 
blade. The diameter of this hole was considerable 
less than that of the ceramic probe. A cylindrical 
hole was formed in the sample by using a vane with a 
diameter and length slightly less than the ceramic 
probe. The saturated probe was pushed into position, 
the rubber collar was placed and contact glue was 
added. Description of the equipment is given in the 
Appendix, fig. 4.9.
4.8.6 discussion
Tests Nos. 30-31 and 32
All data from these tests are given in the Appendix, fig. 4.12.
The plots of how the two ceramics reacted to the 
application of cell pressure, show a very fast 
reaction in the probe at mid-height. The disc at 
the bottom, however, had not recorded equilibrium in 
more than two hours.
When both had reached the same value the following 
day, the shear test showed that both points recorded 
similar values throughout the tests. The probe 
seemed, however, to be more sensitive that the base 
disc.
This should mean that the strain-rate choosen was 
nearly sufficiently slow for the pore-pressures to 
equilize at both mid-height and at the bottom of the 
sample. Strain-rate was 5.5 mm/h, or 5.5%/h. After 
testing the specimens had expanded both at the top 
and at the bottom.
It is interesting to note that the expansion of the 
specimens reflected the initial measurements of the 
samples, the initial top diameters were slightly less 
than the bottom diameters and the final diameters 
showed the same tendency.
A preliminary designed probe proved to be very fragile 
after the test,, and a new probe was designed. Both 
can be seen in the Appendix, fig. 4.4 and fig. 4.9.
Compaction energy was a Standard Proctor hammer,
25 blows per layer in 7 layers. The soil was placed 
in the former in 240 gms batches. The densities in 
these tests were: 2.07, 2.02 and 2.03 gm/cc, with
moisture contents around 22.0%.
Three different cell pressures were used, 1.40, 3.52 
and 5.62 kp/cm2.
All the specimens tilted gradually and the tests had 
to be terminated before failure or sufficient strain 
had been reached. The possible causes of this 
tilting might be:
Eccentric loading:
This can be brought about by several causes such as: 
Eccentric positioning of the specimen on the 
pedestal or the top-cap, non-uniformities in the 
specimen densities, uneven lubrication of the 
pedestal or top-cap faces, and specimen not cut at 
right-angle.
When a probe is used at mid-height of the specimen, 
care must be taken so that the probe does:'not: interfere 
with the expansion of the specimen by touching the 
wall of the cell. When inserting the probe in the 
specimen there is also a risk of pushing the 
specimen sideways on the pedestal, The position of 
the specimen must therefore be checked very care­
fully before the cell is assembled.
.8.7 Conclusions
‘ a) Two differerit types of probes were designed and 
tested and the final design can be seen in the 
Appendix, fig. 4.9.
b) Pore-pressures were recorded both at the base and 
at midheight of the specimens after cell-pressure 
was applied and equilibrium was reached and during 
the triaxial test.
c) Test results show that the probe at midheight 
showed a much quicker response in pore-pressure 
than the disc at the base. During the shear test 
the probe seemed to be more sensitive than the base 
disc.
d) If connection between rammer and top cap is not 
rigid, great care must be taken in placing the 
specimen in the triaxial cell, so as to avoid 
eccentric loading.
4.9 PORE-PRESSURE MEASUREMENT AT BASE AND MIDHEIGHT
USING CENTRAL SAND COLUMN
4.9.1 Introduction
In an attempt to obtain a check of the pore-pressures 
measured by the probe it was decided to make specimens 
and install a central sand-column. This sand-column 
will help the equalization process of the pore- 
pressures throughout the specimen. The pore-pressures 
were measured both at midheight using a probe and at 
the bottom through a ceramic disc.
Details of the process of making these specimens are 
given in the following.
4.9.2 Preparation of Specimens
This was done as for the specimens tested in 4.5 to 
4.8 with the only difference being the installation of 
the central sand-column. This sand-column had a 
diameter of 1/4" and a length equal to the specimen 
length. The sand was ovendried and passed through a 
B.S. Sieve No. 25 before use.
The procedure for the installation of the sand-column 
was as follows:
a) The specimen was compacted as described under 
point 4.8.6.
b) With the specimen still in the compaction mould 
a steel collar was attached to the mould by 
three clamping screws. A solid steel block with 
a 1/4" hole drilled through the centre fitted 
exactly on to the collar and centered the hole 
in relation to the specimen. A polished brass 
tube thin walled, 1/4" diameter with a removeable 
point was inserted in the hole and pushed through 
the soil. If the specimen was dry the tube was 
used open-ended and the hole was made bit by bit 
by retracting the tube and removing soil now and 
then.
The procedure outlined ensured that the hole and 
the sand-column was positioned correctly, a 
necessity if the correct pore-pressures were to 
be measured at the bottom of the specimen.
c) The specimen was then extruded with the brass 
tube in position by using the hydraulic extruding 
machine. The usual weights and measurements were 
recorded.
The specimen was then placed on the prepared 
pedestal (silicone grease and a thin rubber-disc 
with a central hole) and a membrane was put on 
locking the membrane to the pedestal with two 
O-rings.
A plastic tube filled with the dried and sieved 
sand was attached to the brass tube and by gently 
tilting the plastic tube sand was allowed to run 
down into the brass tube. During this the brass 
tube was slowly retracted. By measurement on the 
plastic tube it could be checked if the specimen 
at the end had a column of the right length.
This procedure gave a central sand-column of the 
right length and 1/4" diameter.
4.9.3 Test Procedure
The testing of these specimens was' divided in two 
stages:
a) Time to reach equilibrium of pore-pressure.
The pore-pressure recorded by the probe at mid- 
height was recorded on a chart using a pore- 
pressure transducer.
The pore-pressure measured at the bottom was 
obtained by using a null-indicator and an Auto 
Clockhouse Pp-meter.
After cell-pressure was applied the development 
of pore-pressures at mid-height and at the bottom 
was.j recorded. When a steady value was reached 
for both measuring points the shear test was 
ready to commence.
b) Shearing the specimen.
The specimen was then sheared in the normal manner 
and stress, strain, pore-pressures and water 
flowing in/o'ut of the cell was recorded. Strain- 
rate = 5.5 mm/h.
The tests were terminated when 20% strain was 
reached or at failure.
The pore-pressure measuring system was checked 
before, throughout and after testing by using the 
same pressure source and the bypass valve. This 
ensured that the two systems were calibrated 
correctly relative to each other.
The pressure-source was then checked with the 
cell-pressure apparatus ensuring that all 
pressures were correct in relation to each other.
4.9.4 After Testing ■
The specimens were cut into slices for moisture- 
content determination. This also allowed an 
inspection of the sand-column and the continuity 
could be easily checked.
4.9.5 Discussion
The resulting graphs are shown in the Appendix, and 
again it can be seen that the probe at mid-height 
shows a much faster reaction than the disc at the 
bottom of the specimen. The difference in this 
time between the two is smallest for the wettest 
specimen and biggest for the driest one. This is 
reasonable in view of the necessity for a volume- 
change in order to register the full pore-pressure.
A drier specimen will contain more air than a wet 
one and will also have a greater strength and the 
friction on the pedestal will bring about the delay 
in pore-pressure reaction. In addition the sand 
was dry and before pore-pressures could be recorded 
the sand needed to be fully saturated, otherwise 
the air pressure would be recorded.
The sand-columns were checked when the specimens 
were sliced at the end of the tests and in all the 
specimens the columns were intact.
The making of these specimens presents no particular 
problems provided a guide and collar-arrangment is 
used to ensure a central positioning of the sand 
column.
4.9.6 Conclusion
a) Compared with testing specimens by measuring the 
pore-pressures at the bottom, the use of central 
sand-column considerably speeds up the reaction 
time.
However, the use of a probe at mid-height 
provides still a shorter reaction time than the 
central sand-column.
4.10 UNDRAINED TESTS ON LABORATORY COMPACTED SPECIMENS 
WITH PORE-PRESSURE MEASUREMENT
4.10.1 Introduction
On the merits of the previous tests it was decided 
to run a test to determine the C' and 0 1 for this 
material.
These tests were performed with lubricated ends and 
with pore-pressure-measurement at mid-height using 
a probe of a ceramic material with a A.E.V. of
2.10 kp/cm2.
Thin rubber-discs were used with no cuts. As 
previously shown the errors in pore-pressure 
measurement are considerable if the pressure is 
measured at the ends unless a comparatively long 
time has elapsed before testing starts. In some 
tests this time was up to 20 hours. In addition once 
shearing begins the testing has to be very slow in 
order to enable a correct measurement of pore- 
pressure.
Four specimens were prepared in each series, with 
similar moisture-content and densities.
The values for moisture content and densities were 
close to the values encountered in the field.
The specimens had four different moisture contents, 
and were run at different cell pressures ranging 
from 0 to 3.52 kp/cm2.
4.10.2 Preparation of soil
Ovendry B-G soil was crushed and sieved through a 
No. 25 B.S. sieve. (0. 02361 aperture) . 
Approximately 7000 gm of soil was prepared in this 
manner to give soil enough for four specimens. 
Ordinary tap-water was mixed into the soil by hand, 
the mixing went on until the soil attained an even 
colour.
The mixed soil was then kneaded into a steel 
container, and the top of the container was sealed with 
polythene sheets with weights directly on the soil.
The soil was stored in this way at least four days 
before the specimens were made.
4.10.3 Preparation of Specimens
The soil was taken from the steel container and 
compacted into a brass mould by using a compaction 
machine.
The weight of soil in each layer was approximately 
300 gms. The mould had polished sides to reduce 
friction and a removable collar and the soil was 
compacted to well above the joint of the collar and 
the mould.
The compaction was as follows:
Weight of rammer: 2500 g
Height of drop: 46 cm
No. of blows per layer: 15
This combination of layers and energy was selected 
as this gave densities very close to the densities 
found in the field. A separate report is made of 
the variation in the field densities of these 
materials. (0stlid, 1971). When compaction was 
completed the collar was removed and the soil 
surface was trimmed with a steel straight-edge flush 
with the mould top. Compacted in the mould before 
extraction all specimens therefore had identical 
lengths.
By using a hydraulic ram the specimens were 
pressed out of the mould and the following 
measurements were taken:
a) The height of the specimen in four positions.
b) The diameter of the specimen at four heights in 
two different positions. (At right angles to each 
other).
c) The weight of the specimen.
Using a membrane-stretcher the specimen was jacketed 
in the normal fashion.
.10.4 Placing the Specimen in the Triaxial-Cell
The pedestal and top cap were prepared in the manner 
described under point 4.8.
The specimen was centered carefully on the pedestal, 
the rubber sleeve rolled down on the pedestal and 
secured with two O-rings.
The procedure was repeated on the top-cap. To insert 
the probe in the specimen the following procedure was 
adopted:
With a pair of tweezers a small piece of membrane 
was pulled out and a cut was made with a pair of 
scissors, leaving a hole of about 1/4" diameter.
If the soil was dry (stiff) a hole in the soil was 
made by using a steel blade with a diameter slightly 
less than the probe. If the soil was wet (soft) 
the probe was pushed directly into the soil.
Immediately before the probe was to be inserted 
into the soil a small back-pressure was applied to 
the leads and the probe. Water could be seen to 
appear on the surface on the probe as small drops.
The back-pressure was then lowered to zero and the 
valves were closed. By using the pair of tweezers 
the rubber-membrane was carefully lifted over the 
collar of the probe, the thin rubber-washer was 
positioned, contact glue was added and the washer-nut 
was tightened ligthly. With the probe in position 
the glue was allowed to set for 15 minutes before 
the cell was assembled and filled with water. Castor 
oil was added on top inside the cell to minimize 
leakage and around the ram on the out-side to 
minimize friction.
.10,5 Test Procedure
Before testing started the pore pressure system with 
the chart-recorder was calibrated. This was done 
by using a transducer-block with a by-pass valve to 
the transducer applying a known pressure to the 
transducer. By altering the voltage input in the 
recorder, maximum sensitivity was set for each test. 
The by-pass valve was closed at zero pressure, the 
pore pressure valve was opened and cell pressure 
was applied manually.
When the desired cell pressure was reached a constant 
. pressure-system was used to maintain the pressure 
throughout the test.
The pore-pressure was recorded on the chart and some 
time elapsed before a steady value was reached.
This time was usually less than 20 minutes. The 
deflection of the proving-ring due to cell-pressure 
was recorded and the dial was reset to zero, the ram 
was brought into contact with the top-cap by operating 
the machine manually. The strain dial was set to zero 
and the shear test started.
The strain-rate in these tests was 5.5%/h. As the 
test progressed the strain was marked down on the 
graph. All specimens in these tests were strained to 
about 20% if possible, as a larger strain deformed 
the specimens too much to give any reliable 
measurements.
During the tests the volume of water flowing into the 
cell was measured. The tests were terminated by 
stopping the application of axial load and pore- 
pressure valve was closed.
After the test the pore-pressure apparatus was re­
calibrated and deviations, if any, were noted down.
4.10,6 Data Before and After Testing
After extracting the specimens from the mould 
measurements of height and diameter were taken.
This was done in the following manner:
The specimen was placed on a glass plate and the 
height measured in four positions as shown on the 
figure.
The diameter was then measured in four positions.
The membrane was marked and after the test these 
measurements were repeated.
Calipers were used both for measuring the height 
and the diameter of the specimens. The accuracy 
in these measurements is dependent on the moisture- 
content of the clay, as a very wet specimen will 
deform to such an extent that the measurements are 
partly destroyed. In any case, careful handling of 
wet specimens is necessary if densities and air- 
content s are to be calculated and used with 
confidence.
To calculate these values the measurements of the 
specimen while still in the mould can sometimes be 
used, however, the process of extraction might alter 
the values slightly.
As far as this clay is concerned by "wet" it is meant 
from about 27% moisture and upwards. After testing 
these very wet specimen are best left on the pedestal 
and all the measurements can be taken when the 
specimen is relatively undisturbed.
After removing the specimen from the pedestal a 
moisture-content-distribution was taken. The 
specimen was cut in thin slices, the thickness of 
each slice being about 1 cm, and dried in an oven 
at 105°C for 24 hours.
In a few instances, the whole clay specimen was left 
in the oven to dry. One point in this connection 
is that it is not sufficient to leave a clay specimen 
of this size in the oven for 24 hours to dry.
Such a specimen has to be in the oven for at least 
three days before all the water has been dried out.
4.10.7 Results <
The results from these tests are given in the 
Appendix and the plotting is done on %(a^' - cr^ 1) 
versus 1, with the corresponding strains marked 
on the curves.
The parameters c 1 and 0' are replaced by attraction, 
a, and angle of friction, tan 4>, according to Janbu 
. (1973).
All the results are given in the table in the 
Appendix, fig. 4.13.1.
4.10.8 Discussion
At high strains some of the tests show marked jumps 
in pore-pressure, especially in the drier specimens. 
This is probably caused by sudden failures occurring 
near the probe.
Most of the tests yielded smooth curves and the 
determination of tan <j> presented no difficulty.
Within the practical range of dry densities, 1.7 0 to 
1.50 (g/cc) there seems to be an increase in tan (j>. 
This applies to the attraction a as well.
These parameters, however, show considerable spread. 
Tan cj> varies from 0.50 to about 0.78 and a varies 
from 0 to 0.22 kp/cm2.
Data from tests No. 38-41 and 42 are omitted in the
final graph, as there are apparently anomalies in
these tests. Some of the tangents to the curves 
give a positive intercept on the 1 axis, or give a
"negative cohesion". The reason for this is not
clear, but it is a common occurrence in many tests.
The standard practice in these cases is to plot 
curves from several tests on one graph and then draw 
tangents through points of equal strain. Tan <J> can 
then be determined for various amounts of strain.
In this case it was decided to use the curves as they 
were and calculate the parameters directly.
4.10.9 Conclusions
1. The data from the tests show a considerable 
spread.
2. Attraction a and tan <f) can be seen to increase 
with increasing density within the practical 
range of densities. The spread of these data are, 
however, considerable.
3. Many of the specimens developed multiple failure 
surfaces.
5,0 T R IAX IAL TESTS ON FIELD COMPACTED SPECIMENS WITH 
PORE-PRESSURE MEASUREMENT
5.1 INTRODUCTION
Samples were taken from two existing road fills 
North-East of Oslo, on the E6 motorway in S0rum 
County.
The samples were obtained by a hydraulically driven 
piston sampler of the "Geonor" type. The sampling 
tubes have a length of 1.0 metre and an internal 
diameter of 95 mm. A continuous sample from the 
top to the bottom of both fills was.: taken.
Testing procedure was identical to that of the 
laboratory compacted samples and the testing was 
performed at the Norwegian Geotechnical Institute 
in Oslo. Test results are discussed at the end of 
this chapter, and all corresponding curves and 
graphs are given in the Appendix, fig. 5.7 to fig. 5.16.
.2 DESCRIPTION OF FILLS WHERE SAMPLES WERE OBTAINED
The locations of the two fills in S0rum County are 
sections 15600 and 18800 and.the samples were 
taken in the centre line of the fills.
The first fill was completed in September 1972, the 
maximum height being 17 metres and volume about 
100 000 m 3, counter fills included. The 
corresponding data for the second fill is August 
1974, are 14 metres and 70 000 m 3.
The material in these fills were dry crust clay of 
marine origin.
The normal geotechnical data for these materials 
are given in the Appendix. A complete chemical 
analysis is also included, table 5.1.
The fills are constructed of alternative layers of 
compacted clay .and sand, making a sandwich 
construction. The lift thickness of the clay was 
20 cm and a total of 1.30 m was placed before a 
sand layer of 20 cm was placed. Vertical sand drains 
connected the horizontal sand layers down to the 
drainage system. Details of the construction are 
given in the Appendix.
This clay is from the same area as the laboratory 
compacted samples described in chapter 4.
5.3 SAMPLING PROCEDURE
A steel tube with a piston was used to take the 
samples. The whole equipment was mounted on a 
tractor, which has a rig for this purpose.
The sampling tube was hydraulically pressed down 
to the desired' depth, the piston was released, the 
tube was pushed 1.0 metre further down and the tube 
with the sample was extracted from the hole. The 
tube was released and capped with rubber caps 
immediately after it was obtained.
Some problems were encountered by retaining the 
sample in the tube especially where the clay was 
stiff. In most cases this problem was overcome by 
simply waiting for \ hr. after the tube was in 
position.
In a few instances the inside of the tubes was 
sprayed with Tectyl oil, this seemed to increase the 
friction between the clay and the tube enough to 
retain the sample.
After capping the sampling tubes they were 
transported to the laboratory for testing. None of 
the samples was stored for more than 5 days before 
testing.
.3.1 Test Procedure
The method of testing was as described for the 
laboratory compacted specimens. Some alterations 
were done to the top-cap and base-plate to 
facilitate testing with "free ends". The pore- 
pressure was recorded through a NGI-type Null- 
indicator.
The triaxial machine was the standard NGI-type for 
10 cm samples.
Photographs of the test set up are given in the 
Appendix. The strain-rate chosen in these tests 
was 7.5%/hr. Photographs 5.1 to 5.10 in the Appendix.
The sample was extracted hydraulically and the 
specimens were cut by a steel wire. No additional 
trimming was necessary before testing. The usual 
weight and measurements were recorded and the sample 
was placed in the triaxial cell as described in point 
4.10.3.
The cell pressure used was about equal to the over­
burden pressure in the actual fill. Cell pressure 
was applied, pore-pressure were registered and 
testing commenced when the pore-pressure had 
stabilized, usually within 1 hour. The actual 
testing presented no special problems. After testing 
the specimens were weighed and measured and left in
a... drying oven at 105°C for at least 3 days. Some 
specimens were selected for determination of the 
normal geotechnical data, such as WL, PL, specific 
gravity and particle size distribution. All data are 
given in the Appendix, fig. 5.5 and 5.6.
5.3.2 Results
These tests are numbered from 3 to 13 for Fill No. 1, 
section 15600, and 14 to 22 for Fill No. 2, section 
18800.
The results are given in the Appendix and presented 
as. for the laboratory compacted specimens.
5.3.3 Discussion
In these tests as well there are some irregular 
characteristics, but most of the curves are smooth.
As for the laboratory compacted specimens, abrupt 
changes in pore-pressure occurred at large strains and 
in this case over a wide range of moisture contents. 
The density and moisture content can vary widely in 
these specimens and the failure mechanism might be 
both of the brittle and plastic type in one specimen. 
Sudden fractures of the soil in the vicinity of the 
pore-pressure probe might be the cause of these 
sudden jumps.
In several of the tests the tangent to the curve gives 
a negative intercept on the a^ axis and the values of 
a are small.
Tan $ varies between 0.75 and 0.60 and a varies 
between 0 and 0.18 kp/cm2.
The plots show no clear correlation with density or 
moisture content, but there seems to be a general 
increase in tan <f> with increasing dry density. The 
attraction, a, also seems to increase with dry 
density.
5,3.4 Conclusions
1. The data from these tests also, show a considerable 
spread.
2. Attraction a, and tan <P is seen to increase 
with dry density.
3. Many of the specimens developed multiple failure 
surfaces.
5.4 DISCUSSION OF RESULTS FROM LABORATORY AND FIELD 
COMPACTED SPECIMENS
As mentioned previously the test results show 
appreciable scatter, but plotting all the results on 
one graph seems to allow the following interpretation:
. Both attraction a and tan c{> are seen to increase with 
dry density within the practical range of densities 
encountered in the field.
Laboratory compacted specimens show a variation of 
tan <f) from 0.42 to' 0.68, the corresponding values 
from the field compacted specimens were 0.50 to 0.76.
At the same dry density the values of tan 4> are 
higher for the field compacted samples. The 
attraction a, seems to be similar for both tests and 
shows an increase with increasing density.
The higher tan (f> for the field compacted samples may 
be a reflection of the thixotropic effect in this 
material.
On the basis of these results a table is given in 
the Appendix where U.D. strength, a and tan 4> are 
given with corresponding dry and wet densities. These 
values are used in the stability calculations, table 9.1.
Both test series have some similarities, especially 
in tan <J) which is seen to attain a maximum value at 
a dry density of about 1.70 g/cc. This corresponds 
to a moisture content of about 19% and is in the 
vicinity of the optimum moisture content for this 
material.
At higher dry densities tan <J> is seen to drop, at 
this point, however, the air in the specimens is no 
longer in the occluded state and the pore-pressure 
measurements may be unreliable.. In both tests there 
seems to be a minimum value of tan <j> at a dry density 
of around 1.50 g/cc, this corresponds to a moisture 
content of around 30%. At these high moisture 
contents the triaxial tests give initial values of 
B very close to. unity, in other words at these 
moisture contents the specimens are close to 
saturation. The number of tests Is small and the 
spread,of the test values is considerable, but since 
there seems to be a similar behaviour in both test 
series the following conclusion may be drawn:
Attraction a is zero around the point of saturation and 
increases with increasing dry density. Tan (f> 
increases from a minimum around the point of saturation 
to a maximum around the optimum moisture content. 
Outside this range of moisture contents the test ■ 
values are of only limited value.
6,0 VARIATION IN UNDRAINED STRENGTH WITH TIME AFTER 
COMPACTION
6.1 PREPARATION OF SPECIMEN
Ovendry B-G clay was crushed and sieved as described 
under chapter '4.
Water was added to the soil to give a range of 
moisture content from about 16% to 32%.
The soil was divided into 4 batches with different 
moisture content and stored for seven days.
The soil was then compacted into steel cylinders 
with a diameter of 54 mm and a length of 1.0 m. 
Compaction was done in layers of about 5 cm thickness 
with a . stee.l rod with a circular plate at the 
end. The compaction was done by hand until "refusal",
i.e. until the plate did not go further.
6.2 TEST PROCEDURE
Immediately after the compaction was finished the 
steel cylinder was j. placed in a hydraulic extracting 
machine and about 3 cm of soil was extracted and cut 
off.
The next 5 cm of soil was cut off and placed in the 
cone apparatus and 4 impressions were made. The 
sample was weighed and measured and left in a . drying 
oven at 105°C for 24 hours. The moisture content was 
determined.
This procedure was repeated at intervals of 2, 4, 10, 22 
and 57 days.
In order to minimize loss of moisture during storage, 
air tight neoprene washers were used at the ends of 
the soil inside the steel tube. To prevent 
additional compaction on extraction, the neoprene 
washer in front was pulled at the same rate as the 
hydraulic ram at the back.
, 6.3 RESULTS ••
The cylinder containing the driest soil w = 16% could 
not be tested due to the fact that the extraction 
machine could not force the soil out.
The results of the three samples are plotted as 
undrained strength v. time and the appropriate 
moisture contents are marked on the curves.
In spite of considerable variation of moisture 
content, there is a clear increase in undrained 
strength with time.
6. 4 DISCUSSION
In two samples the increase in strength seemed to 
continue after 57 days, in the wetter sample, a peak 
was reached at about 22 days.
The variation in density and moisture content, 
however, makes it difficult to draw any definite 
conclusions.
A table with data is given in the Appendix and the 
Thixotropic Strength Ratio v. time is plotted 
(Mitchell, 1960) .
Thixotropic Strength Ratio (TSR) is defined :by. the 
strength at any time divided by the strength at zero 
time or immediately after compaction.
After 2 months TSR was 2 for the drier sample and 3.5 
for the wet sample.
Grau and Kashmeeri (1971) concluded that the bulk of 
thixotrophy occurred within the first 2 weeks in their 
investigation and this is also the case for this 
material.
6.5 .CONCLUSIONS
1. Increase in undrained strength with time after 
compaction is dependent on moulding moisture 
content. It is lower for-low moisture contents 
and higher for high moisture contents. The upper 
limit for this clay is higher than W = 33%.
2. The magnitude of the increase in strength is 
such that it should play an important role in 
stability calculations in this material.
7,0 CONSOLIDATION AND DISSIPATION TESTS
7.1 CONSOLIDATION TESTS
7.1.1 Preparation of Specimens
The oven.dry B-G clay was treated as described in 
previous sections and compacted directly into the 
consolidation rings.
Compaction was done with a steel rod of V  diameter 
and the total number of tests was 20. A few tests 
were run without water in the consolidation 
apparatus.
7.1.2 Apparatus
The apparatus used was the standard Wykeham Farrance 
Consolidation Apparatus which has consolidation 
rings 3" in diameter and 0.75" height.
A micrometer gauge was used to measure the height 
of the rings and the thickness of the samples.
7.1.3 Test Procedure
After the specimens were compacted in the rings the 
height of the specimens was., measured in five 
positions evenly disturbed on the face of the 
specimens.
The weights were recorded of the rings, porous 
stones and the specimens.
The porous stones were air dry and were placed in 
the cell before compaction started. As the 
specimens were compacted directly in the cell, the 
whole unit was transferred to the consolidation 
apparatus.
The top cap was put on and brought in contact with 
loading ram and displacement dial. The dial was 
set to zero and the first load increment was added.
The following increments were used: 0.7, 1.4, 2.1
• and 3 .5 kp/cm2 .'
The next increment was' added when the secondary 
branch of the consolidation curve had become well 
defined.
The tests were terminated by lifting the hanger clear 
and quickly emptying the cell of water.
In the tests where there was ; no water in the cell all
joints were smeared with heavy grease to prevent loss 
of moisture.
After testing all specimens were weighed and 
measured as described previously.
Moisture content was determined by drying the whole 
sample at 105°C for at least 24 hours.
7.1,4 Results
Typical curves and complete tables for all tests 
are given in the Appendix, table 7.1 to 7.5.:
Coefficient of Consolidation, C , is calculated by 
the Log. of' Time Fitting Method (Taylor, 1948) and 
vertical deformation using Modulus of Resistance 
for different stress intervals,(Janbu, 1970).
7.1.5 Discussion
The calculated values for Cv seem to be reasonable, 
and values of M is similar to what is normal in 
intact clays of this type.
There was no marked difference in the parameters 
of the flooded or not flooded tests.
7.1.6 Conclusions
1. The values for the coefficient of consolidation, 
Cv , are similar to those obtained in the 
dissipation test.
2. Values for Modulus of Resistance, M, are similar 
to those obtained for intact marine clays of 
the same type.
)
/
7.2 DISSIPATION TESTS
7.2.1 Preparation of Specimens
Oven dry B-G clay was crushed and passed through a 
B.S. No. 25 sieve. Distilled water was added to 
give moisture contents ranging from about 18% to 
30%.
The mixed soil was compacted in a split mould using 
a Standard Proctor hammer, 15 blows per layer,' each 
layer had a weight of about 340 gms. This gives 
5 layers in the finished sample. The specimens 
were left for a minimum of 24 hours and were then 
hydraulically extruded.
The usual measurements were recorded and the 
specimens were jacketed in the normal manner.
7.2.2 Apparatus
The standard triaxial cell for 10.2 x 10.2 (cm) 
(4" by 8") specimens were used. Thin porous discs 
were used at top and bottom, and a Clockhouse 
Automatic Pore-pressure recorder was used to 
measure the pore-pressure.
A constant pressure arrangement with a mercury- 
dashpot was used to maintain the cell-pressures as 
well as the back pressure in these tests.
The pore-pressures were measured at the bottom of 
the specimens and the back pressure was applied 
from the top.
3 Test Procedure
Once the specimen was placed in the triaxial cell 
the cell pressure was raised in stages of 0.70 kp/cm
Maximum cell pressure was 2.81 kp/cm2.
After each stage in cell-pressure the pore-pressure 
was allowed to reach equilibrium. When a cell- 
pressure of 2.81 kp/cm2 had been left on for some 
time sufficient to give a steady reading of pore- 
pressure, this pore-pressure was allowed to dissipate 
against a back .pressure of 1.05 kp/cm2.
After the readings had stabilized cell-pressures were 
again raised in stages of 0.7 kp/cm2 until 6.30 kp/cm 
was reached, then the resulting pore-pressure was 
dissipated against 1.05 kp/cm2 back pressure.
The dissipation stages lasted at least for 24 hours 
in order to ensure equilibrium was reached.
* After the tests were finished the specimens were 
removed from the pedestal and cut into slices, for 
moisture content determination.
4 Results
The results are given in the Appendix, table 7.6.
7.2.5 Discussion
No particular problems were encountered in these 
tests, except that for dry specimens lower back­
pressures had to be used as the pore pressures in 
these specimens initially were too low.
The final distribution of moisture in the specimens 
shows a scatter of about 1%. An interesting feature 
here is the apparent ability of the specimens to 
obtain a final moisture-content which is somewhat 
independent of the initial moisture-content. In 
other words it can be imagined that a specimen with 
a specific density under a particular stress, will 
in the end obtain a specific moisture content.
The C values were calculated by the formula: v J
C = H2 (cm2/s)
50
(Bishop and Henkel, 1957).
B-values were calculated before each dissipation 
stage and show a clear dependency on initial moisture 
content.
7.2.6 Conclusions
1. The calculated Cv values seem reasonable and 
are similar to what is normal in these 
materials.
2. Initial moisture content has a marked effect on 
the magnitude of pore pressures developed
3. The final moisture content seems somewhat 
independent of initial moisture content.
8,0 INSTALLATION AND MEASUREMENT OF PORE-PRESSURES IN 
A ROAD F IL L
8.1 INTRODUCTION
In order to obtain data from a compacted fill it was 
decided to install and measure pore pressures by 
using electrical pore pressure transducers of the 
Geonor type. A large fill on the E6 motorway just 
completed was selected and three piezometers were 
installed. Readings were taken immediately after 
installation and every day thereafter to study the 
effect of the actual placing of the piezometers. 
These piezometers will remain in position for 
several months and perhaps for years to study any 
seasonal or time-dependent development of the pore 
pressures.
8.2 DESCRIPTION OF FILL
The fill is located on the E6 motorway in Akershus 
County section 23300 to section 23600 and has the 
geometry;; shown elsewhere in this thesis. Maximum 
height of this fill is about 12 meters. The volume 
of the fill itself is about 80 000 m 3 with about 
70 000 m 3 as counter fills on both sides.
Horizontal sand layers were spaced at 1.30 m 
. vertically and connections were provided 
between these sandlayers by sand columns at 5 m 
spacing. The fill material was clay with grading 
shown in Figure 5.1 in the Appendix.
The fill was constructed during the summer season 
in 1975 and was completed in the middle of 
September the same year. The weather during the 
construction period was very warm with nearly no 
rainfall at all.
Moisture and density control were performed through­
out the construction and generally the moisture 
content varied between 22-25% and the density from 
1.95-2.05 g/cc.
.3 PORE-PRESSURE TRANSDUCER SYSTEM
The electrical transducer used was of the Geonor 
type, vibrating wire with zero loading point check.
The transducer has the advantage that the zero 
loading point can be checked after installation and 
at any time later.
This enables a high degree of confidence to be 
placed on the actual measured pore-pressure values. 
Briefly, the system works by reading frequencies and 
the zero point check is made by applying an air 
pressure in the pore-pressure cable. The membrane 
where the vibrating wire is attached has a small 
hole and a thin rubber membrane is fastened on the 
face of the steel membrane. The applied air-pressure 
will now work both sides of the steel membrane and a 
frequency now read off will be the frequency of the 
gauge with no loading, or more correctly, with equal 
load on both sides.
After the pore pressure probe is installed this zero 
point can be checked at any time.
The whole measuring system is shown in the Appendix, 
fig. 8.3.
8.4 METHOD OF INSTALLING THE ' PORE-PRESSURE PROBES,
The probes with the necessary length of steel tube 
are hydraulically pressed down into the soil to the 
required depth. During this operation care has to 
be exercised rot -to overload the transducer and 
this is again accomplished by applying an air pressure 
to the back of the vibrating wire membrane so as to 
balance the load on both sides of the membrane itself.
The frequencies are read continuously during the 
installation procedure and in this manner the 
. membrane can be protected against overloading.
This could be omitted if a very stiff membrane was 
used but that would in turn mean that the accuracy 
of the measurements would be lower.
8.5 MEASUREMENTS
After installation, the subsequent readings of pore- 
pressures are taken by simply connecting two 
electrical cables to the frequency meter and the 
frequency is read.
The actual pore pressure is then found by reading 
off the value on the appropriate calibration curve.
After some time the zero point of the transducer 
is checked as described earlier and compared with the 
original value for this particular transducer. Any 
deviations from the original values mean a shift 
in the calibration curve. . After a zero point check, 
some time should elapse before a new pore-pressure 
reading is taken, as the check involves a certain 
movement of water away from the steel membrane.
This water needs a certain time to return depending 
on the permeability of the surrounding soil.
This time is at the order of days in clay materials 
and hours for sand and silts.
Three transducers were installed in the centre line 
of the fill, two transducers at a depth of 9.2 meters 
and one at a depth of 5.0 meters.
8.6 RESULTS
The results of the measurements can be seen in the 
Appendix* fig.8.1.
The general tendency in the measured pore-pressures 
is a slow drop with time on all three positions.
The pore-pressure at a depth of 5.0 meters showed an 
increase after about 4 0 days probably in connection 
with heavy rain.
The pore-pressure probes at a depth of 9.2 meters 
did not show any reactions which appears to be 
reasonable.
8.7 CONCLUSIONS
The three pore pressure transducers are all stable and 
give the readings shown in fig. 8.2.
After stabilizing all three values of pore pressure 
are seen to drop evenly with time.
The transducer at a depth of 5.0 meters shows an 
increase in pore pressure after about 30 days, and this 
corresponds to the start of heavy rainfall.
In practice this means that a system of cracks at 
least is continuous from the top of the fill and 
down to 5 meters depth.
The transducers at a depth of 9.2 meters are not 
affected by this rainfall.
9,0 STABILITY CALCULATIONS
9.1 INTRODUCTION
At present the maximum height of fills in Norway is 
in the region of 20 meters and there is a reluctancy 
to proceed to greater heights without having some 
information about the stability of these materials.
It is clear from the triaxial test results that the 
parameters derived show considerable variation, it 
is, however, decided that stability calculations 
will be performed using these data and data from 
cone tests.
A number of factors will influence such a calculation 
and as far as these are known they will be discussed 
in the following.
Stability calculations are performed for both short 
and long term basis and the results are discussed 
at the end of the chapter.
The actual calculations are performed at the State 
Road Laboratory in Oslo, using the computer programme 
STAB 2 A. Details of this programme are given in the 
Appendix.
FACTORS TO BE CONSIDERED IN STABILITY CALCULATIONS
Variation in soil properties
A table is given in the Appendix showing the 
variation in soil properties in fill No. 1 and 2 
where the samples for triaxial testing were obtained. 
There is also a table from a third fill in the same 
area showing the variations in moisture-content.
In fill No. 1 the moisture-content is seen to vary 
between 18% and 32% and the distance between 
considerable variation in moisture content is short.
In fill No. 2 the variations are between 20% to more 
than 4 0%. The reason for this very high moisture 
content is thought to be frost action and blockage 
of the sand drains combined with inadequate 
compaction.
In a third fill samples were taken to study the 
variation of moisture content over short distances. 
The table shows variations of 5% over a distance of 
11 cm at about a year after construction.
Fill No. 1 was more than two years old, but still 
showed considerable variation in moisture content 
over short distances. In this fill there is also 
a tendency of increasing moisture with depth.
Based on the specification curve for this material, 
a variation in moisture content from 20% to 30% has 
a marked influence on the soil parameters. It is 
therefore evident that due to these wide variations 
the final results of the stability calculations 
should be considered as an estimate and no more.
Variation in undrained strength
A change in moisture content of 10% will affect the 
undrained strength considerably. The thixotrophy 
tests indicate a change in strength with a factor of 
10 or greater. The same tests also show the increase 
of undrained strength with time, but there is little 
justification in taking this into account at present. 
Unless the constructional period is unusually long 
and actual measurements are taken at the site, the 
initial measurements of strength should be used.
By using vanes of different shapes (Blight, 1970) , 
the strength on vertical and horizontal planes in a 
compacted fill was shown to vary greatly, and will 
probably influence both the position of a potential 
slip circle and the factor of safety to a great 
extent. These effects together with the very complex 
pattern of stresses can not be taken into account in 
a short term analyses at the present time.
Variation in po're-pressures
In a standard fill there are horizontal sand layers 
at intervals of 1.30 m. These are connected 
vertically to a drainage system at the bottom of the 
fill.
Provided these drains operate the pore-pressure will 
be very near zero or atmospheric, on a long term 
basis.
However, deformations of the underground or in the 
fill itself may disrupt these layers in which case 
the pore-pressure fairly soon attains hydrostatic pressure 
distribution in the fill. The effective stresses 
will change accordingly.
Fills constructed on sideways sloping ground will 
probably in the long run attain hydrostatic pressure 
distribution of pore-pressure, at least from the 
point of intersection of the fill slope and the 
original ground.
On a short term basis undrained conditions are 
considered, although there will be some dissipation 
of pore-pressures.
The dissipation of pore-pressures has a marked 
effect on the final value of excess pore-pressure 
in compacted materials. If pore-pressure in 
compacted materials is allowed to dissipate; then 
subsequent increments of load will not produce the 
same increase in the pore-pressure as previous 
increments{Bishop, 1957).
The construction of a road fill can be considered 
to be' continuous, but dissipation stages will still 
exist, in fact,, these stages will be continuous 
during the construction. The pore-pressure change 
during construction is dependent on the placement 
moisture-content, dissipation characteristics and 
the development of stresses.
The stresses developing during compaction are very 
complex and information about this is very scarce.
At this stage therefore for short term analysis the 
pore-pressure parameter B is selected as the mean 
value from triaxial and dissipation tests.
9.3 SELECTION OF PARAMETERS
The parameters attraction, a, and tan cf>, are selected 
on basis of table 9.1 given in the Appendix.
The table gives the relationship between these 
parameters and dry density for four different 
moisture-contents.
The difference between the values for shear strength 
for cone tests and triaxial tests is: small, and the 
results from the cone tests are used for short term 
stability analysis.
9.4 CALCULATION PROCEDURE
Stability calculations are performed for the following 
cases:
a) Short term stability 
bl Long term stability
The calculations are performed at the Road Laboratory 
in Oslo, using the computer programme STAB 2 A, 
where the factor of safety .is calculated from the 
following formula:
v [c + (p-u) tan (j)] A X '• R 
p . _ (Ys-Yp) + (Xs-Xp) tan (f)/F 
I W • X 
R
RESULTS
The calculated minimum F.O.S. can be seen in the 
Appendix* table 9.2 and 9.3.
A graph is given where the F.O.S. is plotted against 
the height of the embankment for four different 
moisture-contents, i.e. dry densities. Both short 
and long term stability calculations are performed.
9.6 DISCUSSION
9i6;l Short Term Stability
a) Shear strength on basis of cone tests.
Thie corresponding shear strength from triaxial 
tests is reached in the vicinity of 15% strain.
The calculations show high F.O.S. for materials 
. with w =,23%.v For wetter materials, around 
w = 26% the F.O.S. for fill heights greater than 
10 m, is below 1.0. Fills constructed of 
materials of w = 30% have F.O.S. of only about 
0 .2 .
In practice these materials cannot be handled 
with normal machinery.
b) Shear strength on basis of effective stress. 
Average values of the pore-pressure parameter B 
are taken from both triaxial tests and dissipation 
tests.
Pore-pressure is calculated by assuming a pore- 
pressure set up equal to the weight of the over- 
lying soil times the parameter B.
The calculations show a considerable lower F.O.S. 
for materials with w = 23% than for the cone 
values. ,
However, for materials wetter than w = 26% the 
F.O.S. is less than 1.0. The F.O.S. shows a. small 
increase with increasing height of the fill in 
this case, under point a, the F.O.S. showed a 
steady decrease with height of the fill.
.6.2 Long Term Stability
a) Shear strength on basis of triaxial tests on 
field compacted material. Hydrostatic 
distribution of pore-pressure.
The calculations show F.O.S. greater than 1.0 
for all materials below w = 26% except for a fill 
height of 10 m. For all four of the material 
groups the F.O.S. shov?s a small increase with 
increasing height of the fill. For materials 
as wet as w = 30% the F.O.S. is well below 1.0.
bl As for point a, except pore-pressure is set to 
zero.
The calculations show much higher F.O.S. than 
for point a.
Fill heights of all the four material groups 
up to 40 m has a F.O.S. higher than 1.0.
F.O.S. shows a small increase with increasing 
fill height as for point a.
9.7 CONCLUSIONS
1. Stability calculations are performed using data 
from laboratory compacted samples for short term 
analysis, and data from field .compacted samples 
for long term analysis.
2. Calculations are performed using the computer 
programme STAB 2 A, State Highway Research 
Laboratory, Oslo.
3. Computed Factors of Safety seems to be reasonable 
in view of the following:
Fill No. 2 in this thesis has a height of about 
12 m. The average w = 25 to 3 2% in the lower 
half of the fill and the F.O.S. computed is 
around 1.0. This fill showed signs of instability 
both during and after construction and is still 
undergoing unusually large settlements more than 
1 year after construction.
4. Short term stability is seen to be critical in all 
cases, and materials wetter than about w = 26% is 
seen to be unstable for all fill heights 
considered.
In practice these materials are extremely 
difficult to handle and appear to be very 
plastic.
1 U .0  AN in s t r u m e n t  for  t h e  m e a s u r e m e n t  of v e r t i c a l
SETTLEMENTS AND HORIZONTAL STRAINS IN ROAD 
EMBANKMENTS
10.1. INTRODUCTION
In recent years a number of clay fills lias been 
built to appreciable heights. Due to economic 
considerations it is desirable to go on constructing 
high clay fills and if possible increase the heights 
steadily. At this point, however, it is felt that 
there is a constant lack of data from such fills and 
that our knowledge of the behaviour of these materials 
is limited.
In order to obtain data from compacted fills numerous 
methods were tried and soon it became clear that data 
from settlements and horizontal strains were almost 
impossible to produce. This was due to several 
factors, and some of these are discussed below.
The existing methods for obtaining settlements in the 
fill material itself, can be divided into two groups:
a) Methods involving plates and rods vertically 
placed at various levels in the fills.
b) Tubes placed in trenches across the fills and some 
instrument inserted to give the settlements.
Method a) suffers from the great disadvantage that it 
interferes with the production of the fill, and is 
frequently knocked down or run over by construction 
traffic and thus provides data with great uncertainties.
Method b) looks more promising as there is no inter­
ference with the fill production.
2. PREVIOUS WORK
A number of gauges and methods are presented in the 
literature and their main features will be discussed 
below:
a) Settlement-plates with a rod going up to the 
surface of the fill where levelling is done. 
Telescopic arrangements have been used so as to 
provide settlement observation from various depths 
at one part.
Installing these plates often means that the 
construction of the fill has to be delayed and 
the surveying work also interferes with normal 
work on the fill.
When construction work is resumed the traffic 
•frequently disturbs- the settlement rods and 
subsequent measurements are of only limited 
value.
b) Square pieces of wire mesh can be placed vertically 
above each other. After completing of the fill a 
vertical hole is drilled through the wire mesh 
and a measuring tube is installed. The position
of these wire meshes can be picked out at different 
time intervals and thus give the settlements.
The method has been used in practice and the 
results reported are quite good (Lundgren, 1971).
This method can only be used after the fill is 
completed, and settlements occurring during 
construction cannot be obtained.
c) A radioactive isotope, usually Co 60, is placed
at different levels as the fill is being compacted. 
A vertical tube is then installed to allow a 
counter device to pass down and past the isotopes. 
In this way their position is determined. When 
this operation is performed at intervals a 
settlement record can be obtained.
This method as well can only be applied after fill 
has been completed (Bernell et.al., 1967).
d) Various types of fluid settlement gauges have 
been built and used.
The installation and operation of these gauges 
are a little complex and involves the measurements 
of the fluid temperature, air temperature and air 
pressure. However, these gauges have the 
advantage of not interfering with the construction 
of the fill.
Because of the corrections involved the reliability 
of the data will vary and the personel operating 
these gauges will need a good deal of training, 
4Bergdahl, 1969, Bozozukiy 1966, Hopkins, 1973).,
i 3. DESIGN CRITERIA .
In designing this gauge and additional equipment the
following criteria were considered:
‘a) The settlements and strains should be measured 
as accurately as possible.
b) Operation of the instrument should be simple and
no specially trained personel should be
necessary.
c) Settlements should be recorded at any time during 
construction of a fill.
d) The equipment to be used in open air had to be
operational down to -20°C
The equipment inside the fill had to operate at
temperatures between -10 and +30°C.
e) Checks on the validity of the measured values
should be incorporated into the method of
measurement.
f) The method should describe the complete procedure 
for obtaining settlement records.
10.4. DESIGN AND CONSTRUCTION
It was soon decided to use a fluid filled tube with 
a very accurate pressure transducer at the measuring 
point.
Considerable time was spent in trying to obtain such 
a transducer ready made, but this proved to be 
impossible.
Several discussions with the Norwegian Geotechnical 
Institute and Geonor in Oslo, resulted in using a 
modified vibrating wire transducer where the membrane 
was made thinner than usual.
The tests for temperature stability of this 
transducer proved satisfactory and the capacity was 
determined to 1.0 kp/cm2.
The settlements of a compacted fill arise from 
several causes such as normal consolidation, volume • 
change due to air going into solution with the pore 
water and the lateral spread of fill material itself. 
It was therefore decided to design an instrument to 
enable lateral strains to be measured and if possible 
incorporate this into the settlement gauge. This was 
accomplished by designing a brass housing where there 
was room for both the vibrating wire transducer and 
for some reed contacts that would close on passing a 
magnetic field,.
Briefly, the installation and operation of the 
instrument is as follows:
A plastic tube is placed in a trench in the compacted 
material. At intervals a square plastic plate with 
magnets and a central hole to fitl the plastic tube 
is placed. These are free to move along the plastic 
tube and will follow the movements of the fill 
material. When the torpedo containing the reed- ' 
contacts passes the magnets, the contacts will close. 
Electrical cables from these contacts will enable 
the operator to pick out the points where the contacts 
close by the use of a "buzzer" a light bulb or simply 
using an Ohm-meter. If the distance between these 
plates can be measured from the outside of the fill, 
a measure of the horizontal strain can be obtained.
The settlement at any point can be determined by 
reading off the pressure difference between the point 
of measurement and a reference point outside the fill. 
The instrument should therefore be able to produce the 
following information:
a) Vertical settlement at any point along the 
installed tube.
b) Horizontal strain over predetermined distances.
In the Appendix a photographic texted review is 
given which explains all the various components both 
in the instrument itself and the additional equipment 
necessary to produce a complete record of vertical 
settlements and horizontal strain. In the following 
section the details of construction will be 
discussed.
Referring to- fig. 10.0 in the Appendix, the actual 
construction of the torpedo involved placing the 
reed contacts and the vibrating wire in one housing.
As there was some distance between the magnets and 
the reed contacts, tests were performed to decide 
the size and number of both the contacts and the 
magnets. The tests showed that magnets of the size 
L = 4,0 cm and 0 = 1.3 cm together with reed contacts 
PGA 200 would be suitable. Four magnets placed 
evenly round the circumference of the settlement tube 
and three reed contacts in the housing were chosen 
in order to make sure the reed contacts would close 
on passing the magnetic field and give an accurate 
definition of the position of the torpedo.
The placing of the reed contacts can be seen on the 
photographs and in the drawings.
The plastic plate with the magnets can be seen on 
photograph No. 9 and 10 in the Appendix. As there 
were four different.cables running from the liquid 
filled torpedo tube and into the torpedo, some 
problems were encountered in making water tight 
connections. The problems were gradually solved by 
the use of special washers and epoxy resins. The 
liquid in the torpedo tube had to withstand 
temperatures down to *-20°C, and a mix between 
distilled water and glycol was used.
A collar for anchoring the torpedo tube to the torpedo 
was designed and the instrument was assembled. 
Subsequent testing of the torpedo showed an extreme 
sensitivity towards temperature changes, at one point 
a change of 1/60°C could be detected. This was quite 
unacceptable and the torpedo was taken apart and the 
redesign of various parts began.
Firstly expansion or contraction of the main torpedo 
housing apparently had an effect on the measured 
frequency. This meant that the vibrating wire gauge 
had to be placed inside the housing as free as 
possible. This was done by machining a small grove 
at the head of the membrane, and using a single washer to 
prevent the liquid entering the vibrating wire. The 
rest of the transducer was left completely free with 
a movement of 0.5 mm radially.
Subsequent tests showed an improved behaviour towards 
temperature changes, but the changes in frequencies 
were still too high.
The torpedo was reopened and examined and an air 
pressure release valve was incorporated to release 
the air pressure formed when the temperature changes 
within the torpedo.
Subsequent tests showed considerable improvement in 
the behaviour of the torpedo, and apart from smaller 
changes on vari.ous parts the final design of the 
torpedo can be seen on -figft 10.0 to 10,5 in the 
Appendix.
In order to preserve the accuracy of measurements from 
the vibrating wire gauge, it was necessary to read 
frequencies of a variation of 0.1 Hz.. Frequency 
meters of this accuracy were not available for 
portable operation at that time, but the problem was 
solved by obtaining a Hewlett Packhard Meter 
consisting of the following components:
Cat. No Name
5300 A 
5310 A
5301 A
Main frame
Battery pack 
10 MHz module 
Guidance card
These components were assembled by Geonor, Oslo, and 
the adding of the guidance card divided the normal 
accuracy by 10, thus increasing the accuracy 
considerably.
The frequency meter was tested for stability over a 
wide range of temperature and showed no sign of 
sensitivity within the practical range of temperature 
variation.
The frequency meter is portable and contains a 
rechargable battery that allows about 5 hours operation 
in field which is sufficient. The battery can be 
charged from a normal ac power line. Photographs are 
shown in the Appendix, photograph 10.8.
As previously mentioned horizontal strains are 
measured by using reed contacts and magnetic fields.
The square plastic plates, 30 by 30 by 1.2 cm of 
PVC, Trovidur N, Where a central hole 0 = 5.3 cm to 
fit the settlement tube, was machined. Around this 
hole 5 smaller holes, 0 = 1.3 cm was drilled to take 
the rod magnets. The plate and magnets are shown on 
photographs in the Appendix.
To facilitate easy movement of the plates along the 
settlement tube the edges of the central hole were 
rounded.
0.5. LABORATORY TESTING ■
The laboratory testing was limited to testing the 
stability of the frequency meter within the range 
of measurements to be encountered in practice. The 
accuracy of measurements was tested by placing the 
torpedo at different levels and reading the 
corresponding frequencies. The time used before a 
stable reading could be obtained was also noted.
The accuracy of the horizontal strain measurements 
was tested by moving the torpedo past the magnets 
several times and noting the distance from a fixed 
point.
The instruments were made ready by filling the 
torpedo tube with liquid, distilled water and 
purified Glycol 50/50 as described in fig.
-10.5 in the Appendix and switching on the 
frequency meter.
All data from these tests can be seen in the 
Appendix, fig. 10.9 and 10.10.
6. MEASURING SYSTEM IN THE FIELD
One of the main problems of field measurements is 
the reliability of the measured values. ‘ It was 
therefore decided that a complete field measurement 
system had to be developed that allowed the user to 
place confidence in the measured values.
a) Surveying System
In order to ensure correct reference levels and 
bench marks for the measurement of horizontal 
strain three points of reference are established 
at each end of the settlement tubes. A drawing 
in the Appendix shows this arrangement.
One point is established near the end of the 
settlement tube to provide a height reference 
for the torpedo and a length reference for the 
horizontal strain measurement.
In connection with this, two other points are 
established at some distance, preferably to 
bedrock, to facilitate measurements of angles 
and distances to the point adjacent to the 
settlement tube. In this way the movement of 
the point at the tube end can be checked every 
time measurements are being taken.
This field arrangement is shown in the Appendix, 
fig. 10.6
Field Installation
1. Placing the settlement tube.
A small trench is excavated across the fill, 
at the bottom or at any level where measurements 
are required. The trench should be at least 
30 cm deep and about 10 cm wide. This depth 
is necessary to prevent damage by compacting 
machinery and so on.
The plastic plates are spaced at the desired 
intervals and the tube and plates are placed 
in the trench which has a thin bed of sand to 
give the tube uniform support. The normal fill 
material is placed around and above the tube 
and compacted lightly.
If there is no requirement,of measuring, the horizontal 
strains, the plastic plates can be omitted, but 
three rod magnets at each measuring point are 
taped on to the settlement tube. This will 
.define the point where settlements are to he 
measured very accurately and certainly with 
higher accuracy than if the distance is 
measured from the tube end.
A layer of fill material of say 20 cm thickness 
is placed on top of the tube trench and 
compacted. Some care should be exercised 
during these operations so as not to disturb 
the tube or the plates.
However, the method described has been used in 
practical installations and no particular 
problems have been encountered.
Photographs of the different stages in placing 
the tube and plates are shown in the Appendix.
When the tube has been placed as described, 
the tube ends are cut just outside the slope of 
the fill and capped as shown in the Appendix.
Reference points are placed at the ends of the 
tube along the tube axis and about 0.5 to 
1.0 metre from the tube end.
The tube end and reference point is marked 
clearly by for instance erecting a small fence 
around. Themarking and protection is very 
important, because if the points in the 
measuring system are disturbed this will throw 
doubt on the subsequent measurements..
Normally a compacted fill has a surface which 
falls away from the centre line; this profile 
should be kept by the settlement tube as well,
i.e. the trench can be excavated to the same 
depth the whole length. This will prevent 
water and soil to enter the tube.
Operation of the gauge in the field.
If measurements of the settlement of a fill are 
desired during construction, readings should be 
taken as soon as possible after the tube has 
been placed.
Briefly, the procedure is as follows:
a) Frequency meter is switched on and allowed 
0
to warm up all circuits for 15 minutes.
b) The torpedo is rested on the reference 
point at the tube end and a reading is 
taken. Some time may elapse before a stable 
reading can be obtained, maximum 5 minutes. 
Make sure that the air-release valve on the 
torpedo and on the tube end is open.
c) Depending on the length of the settlement 
tube the torpedo with the torpedo tube is 
pushed or pulled through the settlement tube 
to the other end, where the torpedo is 
rested on the reference point. As there 
always will be a height difference between 
the first and the second reference point a 
check on the sensitivity of the torpedo can 
be made. The torpedo is pulled slowly back 
until the reed contacts close. To find this 
point a "buzzer" and an Ohm-meter have been 
used, both instruments are suitable. If the 
noise level is high, it is an advantage to use 
either the Ohm-meter or perhaps a small 
lightbulb. This point is the first point 
where a reading is taken. A few minutes 
should elapse to allow the frequency to 
stabilize.
After the. reading the tube and the torpedo are 
pulled back to the next point and the 
procedure is repeated.
On subsequent measurements the magnets will 
ensure that the settlements are read on the 
same spot, provided the horizontal strains 
are not too large.
If horizontal strains are to be measured, the
following procedure can be adopted:
.A steel measuring tape is connected to the 
nozzle hole of the torpedo and can at the same 
time act as pulling cable.
On the tripod there is a base plate containing 
a small optical instrument enabling the tripod 
to be centered on the reference point. The top 
of the reference point should have a cross and 
when the hair cross from the base plate coincide 
this will define the points very accurately.
The torpedo is pulled from point to point, 
settlements are recorded and at the same time 
the lengths from the reference points are 
measured. The optical instrument with the hair 
cross is used as the magnification is sufficient 
to read a steel tape. Added accuracy is 
obtained if the steel tape is of high quality 
and is loaded with the prescribed load at each 
reading.
Photographs and text explain the various 
operations in the Appendix.
In this way, both the settlements and the 
horizontal strains can be obtained in one 
operation.
10.7. PRACTICAL APPLICATION
Two settlement tubes were installed beneath a fill, 
on a bridge approach in 0stfold County on the road 
E18.
Photographs of the installation are shown in the 
Appendix,
This trial installation showed that there were only 
minor problems involved by using this method. The 
settlements here were very small over a period 
of 6 months, and the zero point for the settlements 
are of poor quality and the torpedo was modified 
several times as a result of this field experience.
However, a settlement record is given in the 
Appendix.
Another three settlement tubes were installed on the. 
E6 motorway project in fill No. 2 section 18800.
The fill was completed in May 1975 and settlement 
records are not yet available from this installation
10*8. DISCUSSION •
a) Sources of Error in Vertical Settlement Measurements
1. Frequency instability.
The frequency measured will vary in any 
frequency meter with the last digit. The 
sensitivity of this transducer is of the order 
of 1.5 mm per frequency digit. If the last 
digit is read too high or too low, this 
introduces an error of 1.5 mm in the result.
2. Changes in air pressure.
As the liquid surface is open to the atmosphere, 
a change in air-pressure will affect the 
frequency.
The Meteorological Institute in Oslo states 
that the maximum .change in air-pressure in 
practice will be of the order of 10 cm change 
in a water column over a period of three hours.
. The time .taken in a settlement observation
between checks, can be of the order of 
30 minutes. Supposing an even change in air- 
pressure, this would be about 1.7 cm. Bearing 
in mind that these are extreme conditions, it 
should be reasonable to reduce this error to say
0.8 cm. This problem is not difficult to solve, 
and a new torpedo is to be constructed where 
an air tube runs from the instrument outside 
the fill and into the torpedo producing the 
same air-pressure behind the membrane as 
in front. This tube runs within the
electrical cables and represents no practical 
problems.
Changes in temperature.
The most serious problem in the construction 
of the instrument was the effect of 
temperature variations in the torpedo.
Each frequency digit represents a change in 
pressure-at the torpedo head, and the first 
condition to be examined was if the change 
in frequency was constant for a specific 
temperature change.
Test showed that for a temperature difference
i
from +3.5 to 21.0 the calculated pressure 
difference was equivalent to 0.03 mm water 
column, that is of no practical consequence.
The next question was to determine the 
influence of variations in temperature on the 
torpedo during measurements.
As previously mentioned this proved to be the 
most difficult problem of the whole 
construction. The difficulties arise from 
the following causes:
al Change in temperature on the torpedo . 
caused the housing to contract or expand 
and transfer stresses to the vibrating 
wire. This will alter the frequency and 
give an incorrect reading.
This effect was minimized by machining a 
groove and fitting an 0-ring around the head 
of the vibrating wire housing. This is 
the only point where the housing is in 
contact with the outer parts of the 
torpedo. This can be seen on the plan 
drawing of the torpedo in the Appendix.
The 0-ring is marked 2087.
The rest of the vibrating wire housing is 
completely free to move a small distance 
in all directions.
b) If there is an air-bubble present in the 
torpedo tube, the bubble will expand or 
contract on temperature variations. This 
will alter the position of the surface of 
the liquid and consequently give rise to an 
incorrect reference level.
When the tube i;S empty, the filling of 
liquid should be done by using a reservoir 
and distilled water as shown in the Appendix. 
This method will ensure that the system will 
be free of air and no problems should exist.
c) Immediately behind the torpedo nozzle there 
is an air space, and if this space was 
sealed from the outside, an increase or 
decrease in temperature would work directly 
on the membrane and produce changes in 
frequency. An air release screw is therefore 
incorporated in the nozzle to prevent 
problems of this kind. This detail can be 
seen in rfig, 10.0 in the Appendix.
dl A change in temperature will induce a volume 
change in the tube liquid, the stress at the 
point of measurement, however, remains 
constant. A more serious problem is the 
change of volume of the tube itself; this 
causes the stress to change and introduces 
an error into the measurements. A tube with 
a material less sensitive to temperature 
changes will be tried.
4. Incorrect positioning of the torpedo.
If the settlements recorded are obtained at 
different positions along the settlement 
tube, this will affect the accuracy 
considerably.
It is therefore important to be able to 
define the points accurately every time a 
new settlement record is obtained.
This is done by using the magnets in this 
case, by taking a settlement reading every 
time the torpedo registers., the magnetic 
field.
If the fills undergo large lateral deformations, 
these points will move along the settlement 
tube and the positions of the probe will be 
inaccurate. In this case the method 
described under point 10.6.b, can be used 
where the position is defined by measurements 
from a fixed point outside the fill.
Inmost cases, however, the lateral 
deformations will not be of such a magnitude 
to invalidate the very early and quick method 
of using the magnets.
5. Human error.
The human error involved in using this 
instrument is considered to be very small.
The whole operation of obtaining a settlement 
reading involves reading frequencies every 
time a magnetic field is found. As mentioned 
earlier, this field can be detected in several 
ways, it is equally easy with a light, an 
Ohm-meter or a "buzzer".
Sources of Error in the Measurement of Horizontal
Deformations
1. Determination of distance from a fixed point 
outside the fill.
In practice the settlement tube will not 
follow exactly a straight line, and the steel 
•tape will have to follow the tube. Assuming 
the shape of the settlement tube to stay near 
the original shape and using a high quality 
steel band, the error from this is certainly 
present, but not considered to be large.
Using the optical instrument reading the tape 
ensures the tape to be read the same way at 
every reading.
. The fixed point outside the fill has to be 
checked at intervals as outlined in the 
Appendix. The surveying procedure is very 
important as it gives the settlement of the 
fill at the start of the settlement tubes.
If there is harmony between the settlements 
recorded by the instrument and the settlement 
found by surveying and levelling procedures, 
greater confidence can be placed on the 
settlement records as a whole.
2. Position of the torpedo in the magnetic field. 
As there are five magnets and three reed 
contacts, the error due to the curvature of 
the magnetic field is very small.
Rotating the torpedo and passing it in and 
out of the magnetic field has shown no 
measurable differences.
3. Disturbance from constructional traffic.
The plastic plates with the magnets can be 
disturbed by machinery working on the fill.
The zero position of these should therefore 
be checked after a few lifts of material has 
been placed on the fill. Excessive deformations 
near the plates could cause them to rotate 
and consequently give a wrong zero position.
4. Human error.
There is considerably more room for human error 
in the horizontal strain measurements.
To obtain length measurements of an accuracy 
of say ± 1 mm requires skilled surveying 
personel...
The use of steel tape requires corrections and 
use of correct loads on the tape.
The reading of the steel tape should not give 
rise to errors more than -0.5 mm, as it is 
done optically.
9 . CONCLUSIONS
1. An instrument for measuring vertical settlements 
and horizontal strains in compacted fills has 
been designed and constructed.
2. Field trials has shown the instrument to be 
operational in practice.
3. Accuracy.
a) Vertical settlements.
The instrument has been operational for a 
comparatively short time and therefore no 
exact figure can be given for the accuracy of 
measurement in practice. Laboratory tests 
indicate errors of about 1 2 mm; practical 
accuracy of t 6 mm is expected. In the field 
however, outside influence as for instance 
buried electrical cables can affect the results. 
Temperature variations along the measuring 
tube can* also affect the measurements.
These effects will be reduced in the construction 
of a new torpedo, where minor alterations will 
be made.
b) Horizontal strains.
Exact figures can not be given, due to 
possibilities of human errors. Practically, an 
accuracy of -0.5 cm would be reasonable to 
expect.
4: The instrument itself is not expensive to build,
the cost will be of the order of £ 500.-. The 
frequency meter can be used on all other equipments 
to measure frequencies. -
10.10. RECOMMENDATIONS FOR FUTURE DEVELOPMENT
In the future construction the following points will 
be considered: . .
a) Temperature effects.
The transducer should be made even more independent 
of the outer housing.
This can be done by casting the transducer head 
together with the torpedo tube and anchoring the 
housing to the tube rather than to the transducer.
In fig, 10,11 in the Appendix a drawing shows the 
principle that will be used in a new construction. 
Distance brackets fitted around the transducer will 
allow a certain movement and at the same time prevent 
damage to the transducer itself.
The temperature effects should be further minimized 
if a similar torpedo is fitted at the other end of 
the torpedo tube and the pressure .differences in the 
system measured. Volume changes in the tube or liquid 
would then introduce no errors in the measurements.
c) Atmoshperic changes.
An air tube will be incorporated within the 
electrical cables, so as to produce equal pressure 
in front and behind the membrane. In the case of 
using a closed measuring system the air tube will 
run from one torpedo to the other to equalise the 
the pressures in front of both membranes.
11,0 CONCLUSIONS
The overall conclusions from .this thesis may be
summarized as follows:
a) The general impression from the compacted clays used 
in this study is that great care should be 
exercised in using data from tests to calculate 
actual field behaviour.
The main reason for this lies in the fact that 
to simulate field behaviour in the laboratory is 
very difficult and perhaps impossible, and data 
from laboratory tests can therefore only be 
regarded as giving an indication of what may be 
expected in the field.
By studying the borehole records from fill No. 1 
and fill No. 2, large variations in both moisture 
content and density can be seen to exist and 
this has to be taken into account when giving a 
forecast as to the behaviour of a fill to be 
built. The weather conditions during the 
construction of a fill might completely alter the 
characteristics of the .borrow pit material and 
consequently invalidate all conclusions based on 
soil investigations in this material.
Therefore, soil investigations on borrow pit 
material should include a variety of tests to 
cover all practical possible situations during 
the actual construction of a fill and the soil 
mechanics engineers on site have to be familiar 
with this and ready to change methods and 
machinery as the various conditions arise.
It is the writer's opinion that the best guaranty 
of producing a high quality compacted fill rests 
on well organized site operations and continuous 
visual inspection by a competent soil mechanics 
engineer.
This is in spite of having an increasing number 
of testing methods at disposal, since the speed of 
construction is such that the number of tests 
would be very high and even so would probably not 
be able to cover all the details during fill 
construction.
Triaxial testing may give results under specific 
conditions but conditions regarding pore-pressures, 
stresses and strains are not known values in a 
compacted fill today. Even if these values could 
be forecast there is still the problem of the 
resulting behaviour from all these variables.
In the writer's opinion there is a great need for 
data from the field, data that should be collected 
as a standard control procedure and reported back 
to the soil mechanics consultants. This will give 
the theoretical side of soil mechanics an 
opportunity to check their assumptions and steadily 
build up very valuable information for later use.
There is a clear tendency today that soil mechanics 
is divided into two distinct groups, the 
theoretical group and the practical group, and it 
is the writer's considered opinion that these two 
groups would benefit greatly by increasing 
cooperation. One small step in this direction may 
be the feed back of data as previously outlined.
There is little doubt that the two leading 
principles in soil mechanics' ate safety and 
economy, in that order, and these are equally 
valid for both the theoretical and the practical 
side.. The existing division in the soil mechanics 
world should not be allowed to cause these 
principles to change place,* security against this 
can only be obtained by close and constant 
cooperation.
Another step in establishing contact between these 
two main groups would be a planned interchange 
of personel. In this way the practical field engineers, 
consultants , universities and institutions could 
complement each other and there can be little 
doubt as to the benefit of such arrangements.
Soil mechanics is a very complex network of theory 
and practical experience and combined with the 
increasing number of new methods and machinery, 
the complexities of the problems will only increase.
It is therefore highly important that the soil 
mechanics profession consists of individuals having 
the widest possible experience , both in education 
and practice.
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Fig. 2.5 Compaction curves in relation to various 
liquid limits.
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The full depth of dry crust clay could not he used
in practise for the following reasons :
a) Changing weather conditions in water sensitive 
materials’
b) Heavy machinery used for excavation and imposing' 
large strains on the clay with consequent decrease 
in bearing capacity.
c) Plastic deformations on the fills became very large 
due to compaction equipment and the use of clay
’ at moisture contents even below w = 30 i<> had to be 
stopped.
d) Settlements in the subsoil also contributed to 
increase the necessary volume of fill material.
Fig. 3.2 Proposed and actual limit of dry crust clay.
Cross-section drawn after excavation of material.
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Specific gravity 2.70 .
Rotted line shows a common specification- line, 
lest values from the field are required to fall 
on or above this' line”, if not, additional 
compaction is necessary.
Ihe positions of the saturation lines are altered 
with variation in specific gravity and it is therefore 
important to check this at regular intervals.
Fig. 3.4 Specification curve for compaction
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dimensions as the earth 
pressure cell.
This cell has been operating since July 1971
Fig. 3.7 Plan of installation of single earth pressure cell
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A moisture/density apparatus commonly used for 
compaction control.
The measurements are based on radiation from a 
radioactive isotope in direct transmision or in 
backscatter.
The main advantage with such instruments is that the 
values for both density and moisture content are 
available a minute or two after the actual measurements. 
In this way extra compaction can start immediately and 
valuable time may be saved.
The clay in the photograph has been compacted by 
rubber tyred machinery and is seen to be fairly dense. 
Such a surface does not easily absorb water and nearly 
all water will be exposed directly to the sun and wind 
and will consequently dry up fairly quickly.
Photograph 3.1 Radiometric methods
The water ballon method can be used for density control 
of compacted clay. A hole is made in the clay and 
the volume of the hole is measured by pumping a ballon 
into it. The material from the hole is weighed and dried 
and the moisture content is determined.4
This method has several disadvantages such as :
a) The moisturecontent determination normally takes 
24 hours.
b) If the clay is soft there is a risk of expanding the 
hole when pumping down the ballon and then register 
a wrong volume.
c) Sometimes the hole itself tends to close up with 
subsequent wrong volume measurement.
d) The operation of thi.s instrument requires skilled 
personel»
Photograph 3.2 Determination of density
The photograph shows the typical pattern left by dozers 
with steel belts after compaction.
The belt pattern divides the top soil into rectangular 
pieces and in addition loosening these from the 
underlying soil.
After a rainfall a considerable amount of water is trapped 
and some of the water is not exposed directly to the sun 
and wind and a considerable time will elapse before such a 
surface is dry enough to continue work.
If rainfall is frequent the finished fill may contain 
several layers of soft material which may in turn induce 
settlements greater than anticipated or even endangering the 
stability of the fill itself.
Photograph 3.3 Compaction by dozer
Test
no
w
%
2Tb
g/cc
Y d
g/cc
7 19.0 2.04 1.71
8 34-.0 - -
9 24.6 2.01 1.61
10 23.6 2.03 1.64
11 21.0 2.10 1.74
12 20.8 2.13 1.76
13 23.8 2.33 1.85
14 21.8 2.08 1.71
15 22.5 2.11 1.72
16 22.5 2.12 • 1-73
18 22.5 2.11 1.72
20 20.3 2.09 1.74
21 20.8 2.10 1.74
Table showing moisture contents and 
densities from the preliminary tests. 
The densities are higher than those 
normally encountered in practic e in 
this material.
Table 4.1 Moisture contents and densities from 
preliminary tests
o —
i n C N o 0 0 i— i 0 0 0 0 C N i— 1 c r
g 1 i n V C i n i n i n i n V O V O V O i n p -
f d • 1 1 • ' . • « « • « •
- P o c o o o o o O o o c
C N
. g
O C N V O o C N h 1 r H
C N o 1— I o o o i— 1
f d  a , 1 • • • • • • .
O o 1 1 o o o o o o o o o
o
o H C N i n 1— 1 C N i n C N r H C N i n
\ i— 1 i n o 1— 1 i n o u o i— 1 i n o
c o  t P • • • • • * • « • »
b
o C N r o l— 1 o C N r o i— 1 r o o C N r o ■— i o
0 \ 0
' s T i n r - o C P V O 0 0 r - V O C O r - V O
4 H o o 0 0 0 0 C P 1 1 C P C P C P C P C P C P C P C P
W
r o r o i n i n V O 0 0 0 0 r - V O i n V O u o
4 H 0 0 0 0 0 0 0 0 C P C P C P C P < p C P C P C P C P C P
W
O
O
\ V O 0 0 V O 0 0 V O 0 0 0 0 V O r - C P C P C P o C P
T S  t P r - i n i n i n i n i n V O V O V O V O
• • • • • • • • • • • • •
r - J H i H i— l i— ! r H 1— 1 i— l 1— 1 r H i H r H 1— 1 r H
< A ° V O V O V O V O o o — 1 V O O o r o C P C O
. • • . • • • • • • » • • • •
£  ' V O V O V O V O V O V O V O V O V O i— 1 r H 1— I o r H
1— 1 1— 1 r — 1 1— 1 C N C N C N C N C N C N C N C N C N C N
o
u h  u V O p " C P C N C O V O O r - 0 0 V O u o 0 0 r - v o
o o o r — 1 O C P O C P C P O o o o O
^ 5  t 7 » • • • « • • . • • • . • • - • •
C M C N C N C N C N 1— 1 C N r H r— -1 C N C N C N C N C N
U 0
• H »  U O i n V O r - " r ^ C P O 0 0 0 0 i n i n V O U O
> Q  O • o o o C P C P O C P C P O o o o O
\ C N • • • 9 « 9 • m 9 9 • • •
t P C N C N C N — 1 1— 1 C N i— 1 I— 1 C N C N C N C N C N
- P  •
“ t o  ~ o o o C P O i - 1 C N r o -sr i n V O t"- 0 0 C P O i— 10 g r o co H1 H1 H1 in in
Eh
-P
•H >1
10 -p
g •H
0 m
G
0
-p T5
0
£ -P
0
1—I £
fd
rH
-P fd
•H £
G •H
‘H m
II II
•H «4H
X A
Ta
bl
e 
4 
2 
La
bo
ra
to
ry
 
co
mp
ac
te
d 
cl
ay
.
Tr
ia
xi
al
 
te
st
 
re
su
lt
s 
.
Cu-
G VO CN co
fd VO VO VO VO uo
•P • . ' • • • •
o o o o o
CM
e
u
fd \
• a
o o o o o
CN
e
o rH CN UO rH
\ i—1 UO o i—1
ro a • • « •
b  *
o CN ro rH CN
O\0
m 1 1 1 1 1
w
o\o
*H 1 1 1 1 1
W
U
U 1— 1 ro H 1
n3 \ "sT
V a  tr> • • • •
■H rH i— 1 rH i—1
ro ro VO ro CO
• • • « •
£  o\o rH rH o o o
CO ro ro ro ro
m  u
X  o co 1 1 I I
\ •
tJ' i—l
u uo r- co co CO
•H U CO co co CO 00
X  \ • • • • •
Xj> tn rH i—I rH rH rH
•P
W
0  0 CN ro H* uo VO
^  G UO uo UO LO 'uo
•
>1
fd
1—1
o m
w
*0 -p
0 i—i
•P 0
o CO
■ 0 0
a u
go -p
o w
0
> i -p
u
o rH
-p 0
0 *H
u X
o 0
X I *H
0 U
1-3 . Eh
C O
0
•H
X I
fd
IH
0.5
o
0 5
kp/cm^
The cell pressure was left on for 15 minutes before 
the next increment was added. Porepressures were 
registered at the end of each increment.
18 19 20 21 22 23
After testing the specimen 
was cut in slices and 
mo.isture contents were 
determined.
Moisturecontent , %
Fig. 4.1 Porepressure reaction at different cell pressures
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Fig. 4.2 Porepressure developed under an all round 
stress
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Tests no. 14 , 15 and 16 were subjected to an all round 
stress.
Test no. 18 was stored.
Fig 4.3 Distribution of moisture in compacted specimens
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1. Both caps were solid 
brass with polished 
faces.
2. Holes were drilled to 
fit the standard 
Wykeham Farrance 
baseplate.
3. Connections for 
porepressure 
measurements were 
drilled.
4. Ceramics were sealed 
in by using Araldite 
epoxy.
5. Groves were machined 
for O-rings.
6 . Top-cap porepressure 
connection.
rH
21. Ceramic,AEV 2.1 kp/cm
2. Membrane
3. Rubber washer
4. O-rings
5. Porepressure tube
6 . Contact glue
7. Recompacted clay
Fig. 4.4 Design of top and bottom cap to facilitate testing 
with lubricated ends
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Fig.4.5 Test no. 25
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Shape of specimen and distribution of moisture 
after testing.
5
CV1
g
u
cu
4^
0
U
0w
U)
0
u
cu0
u
o
Pn
4
3
2
1
0
0 100
I I
h
J I
h
1200
Tlme'rminutes
2.0
CN
gO
&
(3
i
B
1.0
13.3
11.4
0
 * 2
kp/cm
Fig 4.7 Test no. 26
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Fig. 4.8 Test no, 28
Drawing is in full scale.
21. Ceramic probe,AEV 2,1 kp/cm
2. Brass disc with collar to 
fit the probe.
3. Extension with threads and 
space for porepressure tube.
4.. Locking nut moving brass 
disc into contact with 
membrane.
5. Movable brass disc.
6 . Membrane
7. Probe sealed in with 
Araldite epoxy.
8 . Hole drilled into ceramic.
9. Porepressure tube.
10. Contact glue is placed 
before tightening lightly.
Fig. 4.9 Final design of ceramic probe
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Fig 4.10 Tests no. 56 , 57 and 58.
Porepressure reaction at base and at midheight of 
specimen during shear
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Fig. 4.11 Tests no. 56 ,57 and 58.
Porepressure reaction at base and at midheight 
after cellpressure was applied and during shear.
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Fig. 4.12 Tests no. 30 , 31 and 32.
Porepressure reaction at base and midheight during shear.
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Fig. 4.13 Porepressure reaction after application of an 
all round pressure.
Tests no. 30 , 31 and 32.
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Fig. 4.33.1 Laboratory compacted clay
Data from triaxial tests. Attraction a , and 
angle of friction tan p , versus and w.
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Fig. 4.14 Laboratory compacted clay
Triaxial test results, tests no. 38,39,40 and 41.
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Fig. 4.15 Laboratory compacted clay.
Triaxial test result , test no.
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Fig. 4.16 Laboratory compacted clay.
Triaxial test results , tests no.43,44,45 and 46.
Test <5~3 w
no. kp/cm^ % g/cc
- 45 1.05 26.6 1.98
46 3.52 26.4 1.98
43 2.11 26.0 1.97
44 3.52 26.1 1.99
 --- ;-----2T7T
20 .j£°
18 .4 p 2
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48 2.11 21.0 2.05
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Fig.4,17 . Laboratory contacted clay
Triaxial test results , tests no. 47,48 and 51.
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Fig. 4.18 Laboratory compacted clay.
Triaxial test results, tests no. 49 and 50.
0.3
Test <"3 „ w
no. kp/cm o*o g/cc
52 9 31.3 1.85
53 2.11 30.6 1.87
54 3.52 30.3 1.88
55 L.05 30.3 1.88
56 2.11 30.3 1.88
0 0.1 0.2
»
^ 3  , kp/cm^
Fig. 4.19 Laboratory compacted clay.
Triaxial test results.', tests no. 52,53,54,55 and 56.
Equipment for triaxial testing.
Reinforced 4 H triaxial cell with porepressure 
transducer and automatic chart recorder.
A Clockhouse Automatic Porepressure Recorder was 
used, and the porepressure was transferred to 
a chart recorder.
The sensitivity of the transducer and the chart 
recorder could be checked throughout the tests by 
the use of a bypass valve from the triaxial cell.
Photograph 4.1 Triaxial testing equipment , laboratory
compacted clay.
Test No. 49o
w-21.3 % a'b=2.05 gm/cc <^ 3= 3.5 kp/cm2 £-17.4%
After test.
Expansion very uniform. Porepressure dropped evenly 
throughout the test.
Photograph 4.2 Test no. 49
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Depth
m 'o
w
p 9.*o
Cone
T/m
PI
0*o
G
Sq /cc
0.18-0 .3 8 3 6 .4 24.3 0.36 12.1
1.7 -1.8 3 7 .6 2 7.O 1 0 .6
4.0 4 3 .0 2 9 .9 0.45 1 3 .1 2.76
4.80 3 8 .9 2 5 .0 0.46 1 3.9-
5.0 3 5 .4 27.0 0.45 8.4
• 5.65 3 4 .9 2 2 .5 0.46 12.4
6 .0 5 3 6 .5 2 6 .6 0.45 9.9
6 .1 5 3 8 .9 2 6 .1 0 .2 8 1 2 .8
6.7 3 6 .7 1 9 .2 0.44 1 7 .3
6 .9 0 3 6 .4 24.9 0.46 1 1 .5
7 .0 0 40.1 27.3 O .38 1 2 .8
7-05 37.8 2 6 .9 0.39 1 0 .9
7 .1 0 34.6 24.2 0.43 10.4 2.77
7.90 40.6 24.3 0 .2 9 16.3
1 0 .1 0 37.3 24.4 0.43 1 2 .9
1 0 .3 0 36.9 2 3 .7 0.34 1 3 .2
1 0 .6 0 34.5 24.6 0.46 9.9
1 0 .9 0 38.4 25.9 0 .3 0 12.5
1 1 .2 0 57.1 2 6 .3 0.43 1 0 .8
1 1 .7 0 37.1 23.9 0 .3 6 13.2
1 1 .8 0 37.1 2 6 .1 0.46 1 1 .0 2.78
1 2 .2 0 36.9 1 8 .0 0.27 1 8 .9
1 2 .7 0 . 3 1 .2 20.7 0.19 1 0 .5
12.85 2 8 .8 2 0 .6 0.17 8 . 2
13.50 33.5 2 2 .2 0 .3 8 1 1 .3
1 3 .6 0 29.7 17.9 0.34 1 1 .8
14. QO 28.4 17.5 0.24 1 0 .9
Table5.2 Fill no. I
Fundamental soil piropeirties
Depth
m "O
wp9-"o
Cone
T/m
pi
O,- *o
G
|/cc
14.00 2 8 .4 1 7 .5 0.24 1 0 .9
14.30 3 3 .1 2 0 .4 0.46 1 2 .7
1 5 .6 0 3 2 .6 2 2 .4 0.37 1 0 .2
1 5 .8 0 3 1 .3 2 3 .0 0.34 8.3
1 6 .00 3 1 .6 2 3 .2 0.46 8.4
1 6 .6 2 9 .2 2 2 .2 0 .2 6 7.0
‘1 6 .9 2 8 .3 2 1 .8 0 .2 1 6.5
1 7 .2 2 7 .7 1 8 .9 0 .4 5 8 . 8
1 8 .6 3 1 .0 ' 2 5 .0 0 .2 9 6 .0
■ 1 8 .8 3 3 .5 24.7 0 .2 3 8 . 8
. 1 9 .0 0 3 0 .6 2 2 .6 , 0.44
19 -6 0 3 3 .4 21.4 0.46 0OJ
H
19.70 3 0 .0 2 5 .4 0 .2 6 4,6
>20.50 2 8 .7 2 1 .3 0 .2 1 7.4
2 1 .10 3 2 .5 ' 2 7 .0 0.35 .5.5 2 .8 2
2 1 .3 0 3 2 .5 2 4 .9 0.34 7.6
2 1 .5 0 3 5 .8 2 5 .9 0 .2 8 9.9
Table no. 5.3 Fill no.. I
Fundamental soil properties
De p t h ..
m
w
.r°
w Cone0
T/m
PI 4
' % •
Gs
gm/ cc
0 .3 0 36.7 2 3 .9 0.43 12.8
0 .5 0 3 0 .2 1 9 .1 0.21 11.1
0.8 43.1 2 5 .7 0.49 17.4
2.60 37.6 24.7 0.46 12.9
2 .7 0 34.2 22.2 O.27. 12.0 2 .7 8
3 . 1 0
4.20
39-9 23.9 0 .2 6 16.0
4.35 3 6 .8 24.6 0.27 1 2 .2
4.40 3 8 .2 26.4 0.13 1 1 .8
.4.90 38.5 2 3.O O .38 15.5 2 .78 .
,5 .1 0 41.9 24.0 0.27 17.9
5 .8 0 3 6 .8 24.9 0.47 11.9
6 .0 0 3 6 .8 23.5 0.33 13.3
6 .1 0 40.3 2 7.O 0.46 13.3
. 6 .6 0 37.3 24.7 0.44 1 2 .6
'6 .8 0 40.4 2 9 .6 0.44 1 0 .8
7.90 2 8 .5 2 1 .1 0 .3 8 7.4
8 .1 0 2 8 .2 20.3 0.30 7.9 2.75
8 .7 0 2 9 .1 2 2 .8 O .29 6.3
8 .9 0 30.3 22.4 0.44 7.9
9 .0 0 37.2 24.9 0.46 12.3
9.25 38.9 2 5 .2 ' 0.33 13.7
9.50 33.0 2 3 .8 0.47 9.2
9 .6 0 47.0 27.4 0 .3 8 1 9 .6 2 .6 9
9 .8 0 49.2 34.3 0.47 14.9
10.10 . 49.9 31.7 0.46 1 8 .2
1 0 .6 0 33.0 2 5 .0 O .25 8 . 0
1 0 .8 0 ,36.9 2 7 .2 0 .3 6 9.7
1 1 .1 0 ^2.4 19.9 0.43 12.5 2.75
1 1 .7 0 3 7 .5 21.9 0.41 1 5 .6
1 1 .9 0 3 0 .6 2 3 .0 0.13 7.6
Table 5.4 Fill no. II
Fundamental soil properties
Samples of compacted clay were taken by hydraulically 
pressing a steel cylinder into the clay. Moisture 
content was then determined on two adjacent parts 
of the extracted clay cylinder. The length of 
each cylinder was 11.0 cm.
The variation in moisture content can be seen in 
the table.
Test Moisture content
no. I II Difference
90 2 6 .2 30.9 4.7
1 29.6 27.9 1.7
2 . 23.7 24.6 0.9
3 25.1 22.5 . 2.8
4 21.4 27.3 5.9
97- 23.1 22.5 0.6
8 21.7 •22.6 ;. 0.9
9 2 6 .1 ' •23.7 2.4
104 2 3 .2 21.5 . 1.9
6 2 3 .5 24.5 . o • CO
7 26.1 20.8 5.5
8 2 5 .8 20.5 5.5
116 3 1 .6 52.7 1.1
8 28.9 2 6 .2 2.7
9 27.9 27.5 0.6
121 2 6 .2 2 6 .6 0.4
2 2 8 .2 2 5 .2 3.0
3 24.5 24.9 0.4
4 25.1 24.7 0.4
5 24.5 22.5 2.0
6 24.5 22.5 2.0
7 2 3 .8 22.5 1.5
L30 24.2 27.9 . 5.7
1 2 5 .6 22.8 2.8
3
i—1
OJOJ 1 9 .5 2.6
5 25.9 2 6 .6 0.7
6 27.0 2 6 .0 1.0
Table 5.5 Variation in moisturecontent in compacted
B-G clay
Test Moisture content %
no. I II Difference
137 25.5 2 5 .8 0.3
8 27.3 25.3 3.5
9 2 6 .2 2 6 .1 0 .1
14 0 26.4 23.9 2.5
1 2 5 .6 2 8 .3 2.7
3 2 6 .1 2 6 .1 0
4 39.7 24.7 -
130 44.6 25.4 -. 7
1 2 8 .2 2 6 .1 3.5
7 2 5 .2 27'. 1 1.9
8 25.3 2 5 .6 0.3
168 24.9 25.1 0 .2
170 2 9 .2 33.6 4.4
71 33.3 3 0 .0 3.3
172 32.1 31.1 0 .9
3 3175 30.5 1 . 0
9 31.1 33.4 2 . 3
181 24.3 27.1 2 .8
7 2 0 .0 19.3 0 .7
8 20.7 21.3 1.9
9 2 5 .0 2 6 .0 0
191 2.5.2 23.5 1 -7-
4 2 2 .1 20.7 1.4
5 25.4 25.1 0.3
6 2 3 .8 21.4 2.4
8 25.1 24.5 2.3
201 30.3 2 6 .0 4.3
2 22.5 2 5 .0 2.5
8 21.4 29.3 7.9
9 24.5 2 5 .6
1—1 %
1—1
210 30.7 25.3 5.4
214 — 21.9 — -28.4 ‘ 6.5
5 27.7 2 8 .0 0.3
8 2 8 .9 2 6 .0 2.9
220 29.3 28.5 0 . 8
1 27.5 26.4 1 .1
6 25.5 2 7 .6 2 .1
235 24.7 24.9 0 .2
Table no. 5.6 Variation in moisturecontent in compacted B-G clay.
Test J iviolsirilx^' cofi'teiit ----
no. i 11 DiTl'erence
236 24.2 24.9 0.2
240 50.7 26.2 4.5
1 27.0
OOJOJ 5.0
251 29.5 3 0 .3 0.8
2 27.7 2 8 .3 0 .6
3 22.7 3 0 .0 7.5
4 2 5 .0 2 5 .3 0.3
6 25.4 24.3 1 .1
7 27.7 25.7 2 . 0
8 26.5 1 9 .8 6.7
267 2 9.O 2 8 .6 0.4
76 2 8 .3 26.5 1 .8
7 2 7 .6 2 6 .2 1.4
8 25.5 2 6 .1 0 .6
2 8 1 2 8 .0 2 7 .2 0 .8
5 2 8 .9 24.2 4.7
6 2 7 .8 2 6 .6 1.3
7 2 8 .7 2 0 .8 7.9
9 2 2 .8 2 3.O 0 .2
290 30.3 31.3 1 . 0
3 2 5 .0 25.1 0 .1
5 . 24.5 20.4 3.9
6 25.5 2 2 .6 2.9
297 27.1 24.0 3.1
8 24.6 2 1 .3 3.3
300 24.5 2 2 .0 2.5
2 2 9 .8 26.7 3.1
3 3 2 .0 3 2 .6 0 .6
4 2 8 .6 33.4 4.8
5 33.1 33.0 1.4
6 3 1. i 2 9 .6 1.5
7 2 8 .5 33.0 5.5
9 25.7 22.9 2 . 8
321 25.9 23.1 2 . 8
2 22.4 23.4 1 .0
5 2 3 .6 2 2 .5 1 .1
6 29.4 2 6 .9 2 . 5
7 L?:7 2 9 .6 5 . 9
Table no. 5.7 Variation in moisturecontent in compacted B-G clay
Test Moisture content %
no. 1 11 Difference
332 24.8 26.5 1.7
4 24.2 24.3 0.1
9 20.1 27.4 7.3
340 24.8 25.7 0.9
360 30.3 31.9 3.9
1 27.9 2 7 .0 . 1.5
2 26.9 2 6 .1 0.8
3 2 8 .0 2 8 .2 2.2
4 23.9 24.7 1.8
5 2 5 .2 2 6 .2 1.0
6 10.0 10.5 0 .7
7 10.0 10.1 0.1
8 24.6 25.9 1.4
9 23.5 2 3 .8 0.3
370 25.1 25.6 0.6
1 22.8 24.1 1.6
2 22.3 24.i 2.8
8 26.3 24.8 1.5
9 2 5 .6 26.1 0.5
380 2 3 .0 2 9 .6 1 .6
1 2 6 .2 24.3 4.2
2 22.7 24.1 1.4
400 2 5 .0 23.3 3.7
1 23.9 24.1 3.8
2 25.5 23.9 1 . 6
3 2 6 .5 24.7 2.5
4 2 8 .9 2 6 .1 2 . 8
5 24.3 22.5 1 .8
Table no. 5.8 Variation in moisturecontent in
compacted B-G clay.
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WL 49 48 49
wp 26 26 26
PI 23 22 23
Gs 2.735 2.723 2.726 2.722 2.727
In the Casagrande soil classification system : 
Cl clay of medium plasticity , inorganic.
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Fig. 5.1 Atterberg's limits and grading curves for 
B - G clay , laboratory compacted.
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Particle size analysis
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Particle size analysis
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Atterberg's limits and distribution of moisture.
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5,6 Fill no. II
Atterberg’s limits and distribution of moisture.
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Fig.. 5.7 Field compacted clay.
Data from triaxial tests. Attraction a 
angle of friction ,tan p  versus ^d ,
, and 
and w.
±1.4
Test (r^  
no. kp/cm 
3 1.73
kp/
10
2.0
1.5
1.0
15
i
IS
o 1.0
Fig. 5.8 Field compacted clay,
Triaxial test results , tests no. 3 and 4.
0-Fig. . 5
0.5
r
, kp/cm^
9 Field. compacted clay.
Triaxial test results , tests no.
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Fig. 5. Field compacted clay.
Triaxial test results , tests no. 9 and 10.
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-—Pig. 5.H Field compacted clay.
Triaxial test results , tests no 7 and 8
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Fig. 5.12 Field compacted clay.
Triaxial test results , test no.11.
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Fig. 5.13 Field compacted clay.
Triaxial test results , tests no. 12,13,14 and 15.
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16 0.80 25.2 2.03
17 1.16 28.1 2.02
Fig. 5.14 Field canpacted clay.
Triaxial test results , tests no. 16 and 17.
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Fig. 5.15 Field compacted clay.
Triaxial test results , tests no. 19 and 20.
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Fig. 5.16 Field compacted clay
Triaxial test results , tests no. 21 and 22.
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1.5.
16
l.C
13.7
12.5
30.7
10.8
0.5
5.5
3.6
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1.2
g/cc 
2 2.01
3 1.96
Instrument setup for the testing of samples from 
compacted fills.
Sample in triaxial cell ready for testing.
Photograph 5.1 lest equipment
Enlarged baseplate and topcap with thin silicon grease 
coating on rubber discs were used.
No slots were cut in the rubber discs as previous 
experience on the laboratory compacted samples showed 
that strains tended to concentrate around the cuts. 
The porepressure probe had an air entry value of 
21.1 Kp/cm2.
Porepressure probe with rubber collar and 
enlarged pedestal with rubber disc.
Photograph 5.2 Details
( .
w=* 24.0 % yb= 2,04 gm/cc ^3=d.80Kp/em2 <f =7.1 %
Expansion of specimen fairly uniform.
A single crack formed with about 65 ° from the 
horizontal.
The porepressure stayed constant and equal to the cell 
pressure throughout the test.This was probably caused 
by leakage although the weighing of the specimen before 
and after testing showed that no water was absorbed.
Photograph 5.3 Test no.2.
w= 22.2 % b= 2.08 gm/cc 3=1 . 7 3 Kp/cm2 £=11 ^  %
Expansion of specimen fairly uniform.
A single crack forming at about 50° with the 
horizontal.
Porepressure increased slightly from about E- 7 %*
Photograph 5.4 Test no. 3.
Test No. 4,
w= 2 3 .9 % 2 .0 7 gm/cc ' . °^=1.18 Kp/cm2 £= 1 1 .2 %
Radial expansion fairly uniformv
The middle of a single crack running at about 50°from the 
horizontal*
No other cracks could be seen on the specimen.
Porepressure increased sharply from about 6 = 9 %.
Photograph 5.5 Test no. 4.
Test No. 7.
w= 25.9 % ^b-1.99 gm/cc ^5® 1 . 4 7 Kp/cm^ <5 - 1 5 -8 %
Radial expansion fairly uniform.
No visible cracking.
Porepressure dropped evenly throughout the test.
Photograph 5.6 Test no. 7.
w=23*9 % ^b= 2 . 0 5 gm/cc ~^3=0.Q0 Kp/cm^ £= 18.1%
Radial expansion not uniform.
Porepressure started to increase at about <?= 7% and 
at the end of test attained the same value as the cell 
pressure•
No membrane leakage could be detected after the test.
Photograph 5.7 Test no. 12.
Test No. 15.
W“= 25.6% J W . 0 5 g/cc ^3=0.29 Kp/cm2 6 = 1 9 . 0  %
Radial expansion is very uniform and cracking seems 
to radiate from porepressure probe hole.
Cracks in other parts of the sample can bee seen.
At about £ = 7 %  the porepressure started to increase 
and attained a value close to the cell pressure at 
£= 14%. After the test no membrane leakage 
could be detected.
Photograph 5.8 Test no. 13
w=* 28.0 % ^b=1.99 Sm/°c (-r3=0 . 2 2 Kp/cm^ = 6.7 %
Radial expansion fairly uniform.
Wide cracks in parts of specimen.
From 5=3 % there were only small variations in the 
porepressure•
Photograph 5. 9 Test no. 14.
Test Noo 20o
w= 29.3 % <^ b= 2 .0 0 gm/cc ^3= 0.80 Kp/cm2 £ = 9 . 2  %
The test was run in three stages with variable e 
porepressure.
Changing the cellpressure from 0.80 to 1 .3 3 Kp/cm2 was 
done without stopping the test , but changing the cell-
p
pressure from 1.33 to 1.69 Kp/cm the test was stopped 
and cellpressure was added. When porepressure was stable 
the test was started.
Photograph 5.10 Test no. 20
it
n £ = 13.1 
£= 17.2 %
No . 
of
test
W
fo
/b
g/cc g/cc
Time 1 
days
Strength
T/m2
TSR
1268 2 3 .7 2.01 1.62. 0 9.7 0
2 2 .7
00OJ 1.57 2 12.0 1.24
■24.3 2.03 1.63 " 4: 12.0 1.24
23.0 2 .0 6 1.67 10 16.2 1.67
22.9 2 .0 6 1.68 .22 19.1 1.97
22.3 2.07 1 .6 9 57 1 7 .6 1 .8 1
391 2 6 .9 1.95 1.54 0 2 . 6 0
31.3 1.95 1.48 2 3.2 1.23
2 8 .6 1.95 I .52 4 3.2 I .2 3
27.4 2 .0 0 1.57 10 4.2 1 .6 2
27.7 1.94 1.52 22 4.7 1 .8 1
27.1 2 .0 2 1 .5 8 57 5.5 2 .1 2
1365 33.3 1.90 1.43 0 0.69, 0
35.6 1.92 1.42 2 0 .8 1 1.17
3 2 .8 1.91 1.44 4 0 .9 5 . 1.38
31.7 1.95 1.48 10 0 .8 1 1.17
3 2 .0 1.93 1.46 22 1 .8 0 2 .6 1
32.3 1.94. 1.46 57 '2.5 3 .6 2
Table 6.1 Variation of undrained strength with time
'O Laboratory/Field
b / g/cc 2U.d. strength , kp/cm 2Cone, kp/cm
£> 5% 10% 15%
17 1.2 2.0 3.0
2.06
21 0.3 0.6 1.6
2.02.04 0.3 0.8 1.0
26 0.1 0.2 0.3
0.61.98 0.2 0.5 0.7
30
1.88
0.05 0.07 0.1 0.3
The comparisons are made between Specimens of 
similar moisturecontents and densities at different 
strains in the triaxial tests.
Values from cone tests are shown where these are known. 
All values presented in the table are average values and 
should only be taken as such.
Table 6.2 Comparisons of undrained strengths, laboratory 
and field compacted specimens.
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Fig. 6/1 Increase in undrained strength with time 
determined by cone tests.
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Fig. 6.3 Comparisons of undrained strengths at 5 % strain.
Un
dr
ai
ne
d 
st
re
ng
th
s 
, 
k
p
/
c
m
2.0
1.0
0
15 20 25 30
Moisturecontent , %
O Laboratory compacted, triaxial test 
A Field compacted , " 11
© — Field compacted , cone "
Fig. 6.4 Comparisons of undrained strengths at 10 % strain.
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Fig. 6.5 Comparisons of undrained strengths at 15 strain.
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Test Load CV
no • increment dtr/df
p
kp/cm kp/cm2
p
cm /s
100 1.0
1.13
2.4- * 10-5
2.0 1 : 1 6 1.2 - " -iL
3.0 1.26 6.6 * 10 4
4.0
2.15
4.0 - " -
5.0 1.2 - 1 -
101 0.5 0.29 1.3 * 10“5
1.0 0.45 1.6 - u -
2.0 0.69 2.5 ~ -
4.0 1 . 0 5 3.3 # 10 4
'5.0 3.3 - >  -
102 0.5 0.2?
1.1 # 10~3
1.0 0 . 4 5 1.3 - " -
2.0 0.76 1.6 - “ -
3.0 1.07 1.9 - 1 -—4
4.0 6.2 * 10 *
104 1.0
0.57 2.5 * 10~5
2.0 0.89
II•LA
3.° 0.96 4.3 - ,f -
4.0 2.30 3.5 - " -
5.0 1.7 - "  -
105 1.0
0.75
5.6 *  10~5
2 . 0  . 0.94 4.8 - "  -
3.0 . ro o 4.7 - *  -
4.0 2.26 2.8 - 1 -
5.0 2 . 1  -  M -
106 1.0 0.52 6.3 # 10“5
2.0 0.89 1 . 1  -  "  -
3.0 1.42 3.8 -  "  -
4.0 1.4- 11 -
5.0 2 . 0  -  "  -
Table 7.2 Summary of M and Cv
Test Load M*1 0 2 °v
no increment d^/d£
kp/cm2 kp/cm2
p
cm /s
107 1 . 0 0.51 2 . 0 * 10-5
2 . 0 0.85 6 . 0  - “ -
3.0 o00• # -A I I
4.0 2 .0 9 2.3 - " -
5.0 1.7 - ” -
108 1 . 0 0.65 2 . 2  - " -
2 . 0 1 . 1 2 2 . 8  - " -
3.0 1.26 «
I I
5.0 3.1 - n—
109/■ 1 . 0 0.60 1 .6 - " -
2 . 0 1.24 2 . 2  - ” -
3.0 1.24 1.9 - 11 -
5.0 3.5 - " -
110 1 : 0 0.62 2.4 - " -
2 . 0
1.19
3.4 - " -
3.0 1.19 2 .1 - " -
5.0 3.2 -
111 1 . 0
0.73 2.5 - " -
2 . 0 1.29 5.2 - 11 -
3.0 1.29 2.5 - " -
5.0 5.6 -
112 1 . 0 0.80 2 .1 - " -
2 . 0
0.93 5.0 - “ -
3.0 1.49 2 .1 - ” -
5.0 4.0 - " -
Table 7.3 Summary of M'and Cv
Test Load H*102 Cv
no increment dcr/d£
Kp/cm^ pkp/cm cm2/s
113 1.0 0.82 1.6 * 10~3
2.0 0.95
2.4 - " -
5.0 1.42 2.5 - M -
5e0 3.1■- " -
114 1.0 0.84 2.4 - " -
2.0 0.93
1.8 - tf -
3.° 1.36 3.9 - M -
5.0 - 3.1 - 1 -
115 1.0 0.86 2.2 - " -
2.0 oo•ir 2.4 - "  -
5.0 1.34 3.0 - ”  ~
5.0 5.5 -  " -
116 1.0 ' 0.92 1.7 - 1 -
2.0 ' 0.92 5.6 - "  -
5.0 0.36 5.4 -  "  -
5.0 7.0 - V -
117 1.0 0.43 2.4 -  "  -
2.0 0.85
5.6 -  -
5.0 OJOJ0 5.4 - -
5.0 5.0 - " -
118 1.0 0.32 6.5 * 10"4-
2.0 0.69 8.6 * 10 p
5.0 . 1.03 4.7 - " -
-5.0 4.8 - " -
Table 7.4 Summary of M and Cv
Test
no,
Load
increment
p
kp/cm
M-102 
d<*-/d £
kp/cm2
°v
2cm/s
119 1.0 0.48 "Z
2.0
0.57
4.2 ° 10*°
3.0 0.86 7.6 -
5.0 6.1 - ” -
120 1.0 0.78 2.0 - " -
2.0 0.89 2.5 -
3.0
1.17 . 2 . 9 M -
3.0 3.6 - " -
321 1.0 0*65 7.4 • .10“4
2.0
0.87 2.1 - ” -
3.0 1.02 3.3 -
5.0 3.2 - " -
122 1.0 0 . 5 0 3.3 * 10~3
2.0 0.76 2.6 - " -
3.0
0.99 3.9- " -
5.0 4.4 - " -
12$ 1.0 0.56 2.4 - " -
2.0 ' 0.78 2.9 ~ " -
3.0 1.08 3.3 - " -
5.0 3.5 - ” -
Table 7.5 Summary of M andCv
Test
no.
Initial Final C 1
v2 cm /s
C 2
5cm /s
g/cc
w
%
e S'b
g/cc
w
%
e
33 2.01 17.9 0.59 2.06 19.7 0.58 --  . 1.0 10-5
34 2.02 24.1 0.67 2.14 19.7 0.53 4.3 10“4 1.2, 10“5
35 2.04 21.4 0.62 2.13 19.3 0,53 9.8 lO-4 1.3 10“5
36 2.01 27.8 0.76 2.14 20.9 0.56 7.3 io“£ 1.2-
37 1.97 30.5 0.83 2.03 22.8 0.59 2.9 .-10” 1.2 10 5
p
0 1 : Cellpressure 2.81 kp/cm 
Cv2 : Cellpressure 6.30 kp/cm^
Porepressure dissipated against
2a backpressure of 1 * 0 5 kp/cm ♦
Table 7.6 Summary of dissipation tests
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Fig. 7.1 Modulus , M , versus load increments.
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Fig 7.2 Modulus, M , versus load increments.
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2Porepressure at a cellpressure of 2.81 kp/cm was allowed
2to dissipate against a backpressure of 1.05 kp/cm .
2
Cellpressure was raised to 6.3 0 kp/cm and porepressure 
dissipated against the same backpressure.
Fig. 7.7 Dissipation of porepressures
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Moisture content , %
Test
O .
* o
W 2
Q .
" O
. bl 
g/cc
b2
5 /cc
S1
Q .
* 5
S 2
9 -* o
B
33 17.9 19.8 2.01 2.06 81 90 0.08
34 24.1 19.9 2.02 2.14 98 100 0.91
35 21.4 19.3 2.04 2.13 95 100 0.68
36 27.8 20.9 2.01 2.14 100 100 0.97
37 30.5 22.8 1.97 2.03 100 100 0.98
Initial moisturecontent , is widely different , but 
final moisturecontents are similar
Fig. 7.8 Distribution of moisture in specimens 
after dissipation tests
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Porepressure record sheet
Location : Road E6 
Section : 23329 
Position : see sketch
Readincr Control Elevation Porepressure lemrks
Date Time a ,b ,c x Ground Transducer Kp/cm^
13/8
1766
1766
1767 L59.96 154.96
15/8 1712 0.33
20/8 1725 0.25
21/8 ' 1726 0.24
22/8 1728 0.23
25/8
1733 
. 1765 
1732
0.19
26/8 1733 i 0.19
27/8 1734 0.19- .
28/3 1735 0.18
29/8 1736 0.18
1/9 1740 0.15
x) a : Before zero check b: Zero check c: After zero check
Transducer type :n600 No*230
Installation 
Original zero
Date Time
!13/8-75 1030
:1766
Table 8.1 Example of porepressure recordings with zero point check.
Porepressure record sheet
Location : Hoad E6 
Section : 23329 
Position : see sketch
Readincr Control Elevation Porepressure
Kp/cn?
Remarks
Date Time a ,b ,c x Ground Transducer
4/9 1741 159.96 154.96 0.14
5/9 1743 0.14
9/9 1745 0.12
11/9 1746 0.11
12/9 1745 0.12
15/9
1744
1768
1746
0.11
22/9 1742 , 0.14
x) a Before zero check b: Zero check c: After zero check
Transducer type : N600 No, 230
-r ^ Date Time
Installation : 13/8-75 1030
Original zero : 1766
Table 8.2 Example of porepressure recordings with zero point check.
Porepressure record sheet
Location : Road E6 
Section : 23328 
Position : see sketch
Readincr Control Elevation Porepressure
Kp/cn?
lemarks
Date Time
, Xa ,b ,c Ground Transducer
13/8
1703
1825
1702
160.05 150.85 0.84
15/8 1716 0.75
20/8 1721 0.72
21/8 1720 0.72
22/8 1722 0.71
25/8
1723
1825
1723
0.70
26/8 1724 , 0.70
27/8 1724 0.70
28/8 1725 0.69
29/8 1724 0.70
1/9 1725 ' 0.69
x) a : Before zero check b: Zero check c: After zero check
: Transducer type 
Installation 
Original zero
: N600 No .227
Date Time
" 12/8-75 1500
: 1825
Table 8.3 Example of porepressure recordings with zero point check.
Porepressure record sheet
location : Road E6 
Section : 23328 
Position : see sketch
Transducer type :n 6Q0 No. 227
Date Time
Installation : 12^3_75 1500
Original zero : _QO_
lo25
Readincr Control Elevation Porepressure
Kp/cn?
Remarks
Date Time a ,b fc x Ground Transducer
4/9 1725 160.Q5 150.85 0.69
5/9 1726 • 0.68
9/9_ 1727 0.68
11/9- ; 1728 0.67
12/9 1723 0.67
15/9
1729 
•1828 
• 1729.
0.66 *
22/a 1731 , 0.65
'
x) a : Before zero check b: Zero check c: After zero check
Table 8.4 Example of porepressure recordings with zero point check.
Porepressure record sheet
Location : Road E6 
Section : 23326 
Position : see sketch
Transducer type :N600 No. 218
Date Time
Installation s 12/8-75 1600
Original zero : ^343
Readina Control Elevation Porepressure
Kp/cn?
Remarks
Date Time a ,b ,c X Ground Transducer
13/8
1795
1843
1795
0.56
15/8 1798
-
0.53
20/8 1800 0.50
22/8 f 1801 0.50
25/8
1802 
1840 
1801
0.50
26/8 : 1802 0.50
27/8 1802, 0.50
29/8 1802 0.50
1/9 1803 0.48
4/9 1803 0.48
9/9 1803 0.48
x) a : Before zero check b: Zero check c: After zero check
Table 8.5 Example of porepressure recordings with zero point check.
Porepressure record sheet
location : EOad E6 
Section : 23326 
Position : see sketch.
Readincr Control Elevation Porepressure
Kp/crc?
Remarks
Date Time a ,b ,c x Ground Transducer
ii/a 1804 159.99 150.79 0.48
12/9 1804 0.48
15/9
1805
1842
1805
0.46
22/9 1805 0.46
*
-
x) a : Before zero check b: Zero check c: After zero check
Transducer type : N600 No, 218
Installation 
Original zero
Date Time 
12/8-75 1600m
1843
Table 8.6 Example of porepressure recordings with zero point check.
Centre line of fill
Fig.
Transducer no. 67230 
Depth 5.0 meters
Transducer no. 67227 
Depth 9.2 meters
Transducer no. 67218 
Depth 9.2 meters
*
Section 23329 
1.0 m left.
Section 23328 
3.0 m left.
Section 23326 
2.3 m left
8.1 Position of piezometers
Development of porepressure in a compacted fill. 
Registration started two months after the fill was 
completed.
Temporary increase in porepressure due to installation 
shown hy dotted lines in the graph.
c\j
* 0.7
< d 0.6
u
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PM 0 .^
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Fig. 8.2 Development of porepressure in a compacted fill
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Three piezometers installed in a motorway fill. 
Installation was made by hydraulically pressing down the 
steel tubes to the required depth.
During the operation constant checks were made by using 
air pressure to ensure that overloading of the transducers 
not took place.
Later reading of the actual porepressure values only 
includes connecting the leads to a frequency meter and 
then recording the frequencies. This operation only takes 
one or two minutes.
By using such a system a large number of piezometers cam 
be read in a very short time.
Photograph 8.1 Installation of piezometers
Reading of a piezometer.
The frequency meter is of the portable type with a 
recnargeable battery with a working time of about 
5 hours.
Photograph 8.2 Porepressure reading
Detail of connection between main piezometer tube and 
air pressure tube.
A small bore tube is used with a screw that connects to 
the hole shown.
The tube to the right on the photograph contains the 
electrical cables to be connected to the frequency meter 
when readings are taken.
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X 
CM )
Y
CM)
RADIUS
CM)
M STABL. 
K0HESJ0N.
CTH)
F RIK SJON
M DREIE 
CTM )
SIKKER
HETS
FAKTOR
LT.
1.3
C O
LT.
1.5
C O
97.50 57.50 37,50 25259.9 .0 8555.4 2 r953
102.50 57.50 37.50 25984.1 .0 10026.4 2.592
107.50
112.50
57.50
57.50
37.50
37.50
26677.0
27343.4
.0
.0
10866.6
11113.8
2.455
2.460
E.O.S on basis 
of cone tests.
97.50 62.50 42.50 30148.8 .0 11245.6 2.681
102.50 62.50 42.50 31011.4 .0 12131.0 2.556
107.50 62.50 42.50 31836.2 .0 12951.2 2.458
112.50 62.50 42.50 32629.1 .0 13174.8 2.477
97.50 67.50 47.50 35279.1 .0 13259.9 2.661
102.50 67.50 47.50 36286.2 .0 14750.7 2.460
107.50 67.50 47.50 37249.1 .0 15098.7 2.467.
112.50 67.50 47.50 38174.2 •o 15272.5 2.500
97.50 72.50 52.50 40638.5 .0 15396.0 2.640
102.50 72.50 52.50 41795.8 .0 16845.7' 2.481
107.50 72.50 52.50 42902.3 .0 17680.7 2.427
112.50 72.50 52.50 43965.3 .0 17403.9 2.526
X Y R A D I U S M S T A B L . CTM) M D R E I E
S I K K E R
HETS
LT. 
1 .3
LT.
1.5
CM) CM) CM) K O H E S J O N FRIKSJON . <tm) F A K T O R C O C O
87i50 75.00 55.00 14790.3 .0 12009.0 1.232 * ■t
87.50 87.50 67.50 22351.8 .0 18343.7 1.219 * ♦ F.O.S on basis
75.00 100.00 80.00 15945.5 .0 12652.9 1.260 * ♦ of triaxial
75.DO- 112.50 92.50 24724.0 .0 18880.0 1.310 ♦ tests. .
75.00 125.00 105.00 34113.3 .0 25929.1 1.316 ♦
Example of computer print out , short term stability. 
Height of fill : 20 m .w = 23 % 
tfb = 2.00 g/cc ^d = 1.63 g/cc
Table 9.2 Computer printout
X
(M)
87.50
87.50
75.00
75.00
75.00
X 
(M )
87.50
87.50
75.00
75.00
75.00
S I K K E R  LT . LT .
Y RADIUS M STABL. (TM) M DREIE HETS 1.3 1.5
(M) (K) K0HESJ0N FRIKSJON (TM FAKTOR ( O  (♦)
75.00 55.00 31553.2 .0 12009.0 2.627
87.50 67.50 46968.6 .0 18343.7 2.560
112.50 92.50 48448.7 .0 18880.0 2.566
125.00 105.00 65619.3 .0 25929.1 2.531
137.50 117.50 81722.9 .0 31066.9 2.631
F.O.S on basis of porepressure equal to zero.
Y
( M
RADIUS
C M
M STABL. 
KOKESJON
(TH)
FPIKS JON
H DREIE 
(TM)
SIKKER
HETS
FAKTOR
LT.
1.3
(*)
LT. 
1 .5 
(♦)
75.00 55.GO 16076.3 .0 12009.0 1.339 ♦
87.50 67.50 24304.0 .0 18343.7 1.325 ♦
100.00 80.00 17526.7 .0 . 12652.9 1 .385 ♦
112.50 92.50 27116.1 .0 ‘18880.0 1.436 ♦
125.00 105.00 37416.5 .0 25929.1 1 .443 ♦ '
E.O.S on basis of full hydrostatic distribution of 
porepressure.
Example of computer print out , long term stability 
Height of fill : 20 m w = 2$ %
^b = 2.00 g/cc ^d = 1.63 g/cc
Table 9.3 Computer printout
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Screw M3.5
Liquid inlet
Screw M 2.5
Tube and cable 
anchorage
Housing for 
reed contacts 
PGA 200
Drying agent 
Housing for 
el. connections
Torpedo head
4 lead cable with shield 
PSFK 4.0.2
Torpedo tube 0 14.10
Locking nut
O-ring R 2056
R 2112
4 R 2007, sh.tube 
El. cable
R 2087 
Outer housing
Vibrating wire housing, 
modified.
Screw for alignment
Connection housing 
R 2112
Locking screw M 3.8
Airing screw M 3.5 with 
neoprene gasket 06.3.1.
Construct; A. Johnson 'Fig. 10.0 Plan of torpedohead
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CQ
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o
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Fig. 10.1 Plan of outer housing
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Fig. 10.2 Tube and cable anchorage
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Fig. 10.3 Housing for electrical connections
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Fig. 10.4 Torpedo head and locking nut
To frequency meter
Note :
Fig. 10.
J± Liquid valve
Tripod
It is important to 
close the liquid// 
valve before // 
transport of// 
instrument
Compressed air
Valve
__ Torpedo tubev
Liquid
tank
. Valve
Torpedo
Filling plug
Saran tube
5 Filling the system with liquid
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Place of measurement : Operator : Date
Tube no.
Sketch and description
Surveying data :
Distance from benchmark baseline
Original distance
Difference
Horizontal strain readings
Point
no.
Dist. 
from. ref.
m
Dist. from 
originalBM
m
Horizontal
strain
mm
Remarks
Fig. 10.7 Data sheet for horizontal strain measurements
Place of measurement : E-6 Operator : H0 Date :2/9-7
Tube no
I-III
Absolute heights :
Data from surveying
No Reference points B M
1 120.288
2 128.218
I 113.200
II 113.218
Sensitivity check of torpedo : 2.00 mm/F
Settlement readings
Point no. Freq. Height 
from 
ref.
Absolute
height
Remarks
Ref. point 15834 (I)
1 15664 34.0 113.558
2 15650 36.8 113.568
3 15645 35.0 113.550
4 15659 37.8 113.578
5 15654 36.0 113.560
6 15664 34.0 113.540
7 15664 34.0 113.540
8 15698 27.2 113.472
Ref. point 15843 (II)
Fig. 10.8 Data sheet for settlement record
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15660
15600
15560
The whole instrument 
was subjected to a change 
in temperature of 11.8 C
The corresponding change 
in frequency was 78 Hz.
6.6 F/
0 10
Temperature ,
0 10 
o .
A change in temperature 
will cause the torpedo 
tube and the tube liquid 
to change volume.
A change of 11.8 ° C
3 changed the liquid level— 4.0 cm.
2 . Sensitivity : 3.4mm/ ° C.
1
0 i i l I ..1....
Temperature
Fig 10.9 Sensitivity to temperature changes
The torpedo and torpedo-tube were left buried in the 
snow for two hours. The snow temperature was -4? C , the 
temperature in the air was - 2° C.
The frequency showed no sign of instability after the 
readings had become stable.
The sensitivity of the torpedo head was checked by placing 
it on various levels and this gave the following results 
shown in the table.
Freq. Elevation, cm Sensitivity,mm/Freq
14100
-j 1 ,_i i 
0
14623 100 1.89
15212 o
15470 50 1.94
15731 50 1.92
The instrument was transported to the site in a car where 
the temperature _was about 23° C and after it was placed in the 
snow 10 minutes elapsed before the frequency readings became 
stable.
Fig. 10.10 Instrument testing in cold condition
T
r
a
n
s
d
u
c
e
r
<1)
JQ
3•P.
•H
•H
Fi
g.
 
10
.1
1 
De
si
gn
 
sk
et
ch
 
of
 
al
te
rn
at
iv
e 
co
ns
tr
uc
ti
on
 
of
 
to
rp
ed
o.
1 . Torpedohousing complete with cables from vibratir.r 
wire gauge.
2. Outer housing with filling point for liquid. 
Photograph 10.1
5. a) Outer housing
b) Torpedo head with eye for connection of pull 
cable
c) Housing for vibrating wire gaurre and reed 
contacts
1 . a) Tube and cable anchorage.
b) Vibra^inp* wire bousir.r
c) Inner houri nrr d) Heed cnrtnc^r.
Photograph 10.2
5. a) Tube and cable anchorage
b) Vibrating wire housing
c) Inner housing d) Reed contacts
^•. As above
Photograph 10.3
7*# a) Cable to frequency meter
b) Torpedo tube anchorage
c) Closing valve for tube liquid
d) Bracket for attachment to
B, As above
Photograph 10.4
11. Detail of cable connection and bracket for holding 
torpedo tube.
Baseplate with optical centering device for the 
measurement of horizontal strains.
Photograph 10.5 Setup in the field
12. Instrument set up in the field consisting of :
a) Tripod with baseplate and bracket for cable 
connections and torpedo tube valve.
b) Frequencymeter and Ohm-meter
c) If the torpedo has to be pulled a small portable 
radio set is used for communication between 
opertaors.
Photograph 10.6 Setup in the field
® wll
14. Detail of capped end of settlement tube.
When the clamp is tightened the cap is watertight.
Photograph 10.7 Capped end of settlement tube
15. Frequency meter
16, Ohm-meter to be used for the determination of 
magnetic fields.
Photograph. 10.8 Recording instruments
When a settlement tube is installed in a fill it is an 
advantage to use small machinery and excavate a trench 
that is just; big enough to take the tube.
The bottom of such a trench will be somewhat uneven and 
a thin bed of sand is therefore used to give the settlement 
tube uniform support.
After the tube has been placed the trench is filled with 
sand and compacted lightly.
If plates for the measurement of horizontal strains are 
used , care should br taken not to disturb these plates 
on compaction.
Photograph 10.9 Installation
The tube is in position and if necessary the plates to 
the right can be used if horizontal strain is to be 
measured.
It is desireable that the trench is even smaller than 
shown on the photograph this will minimize the risk of 
the trench walls caving in and creating disturbance to the 
tube in an horizontal direction.
Photograph 10.10 Installation of tube
If horizontal strains are not to be measured , two or 
three rod magnets may be taped on to the settlement 
tube at regular intervals.
By using the Ohm-meter the points where settlement readings 
are to be taken can be very accurately defined.
This will ensure that later settlement readings are 
taken in the same position and in case of small 
settlements the positioning of the measuring torpedo is 
often a considerable source of error.
Photograph 10.11 Tube in position
INTERPRETATION OP TRIAXIA1 TEST RESULTS
The classical expression Tor shear strength in a 
Coulombian material reads as follows :
T^ = c + ex' tan 0
Rewriting this expression can he done in the following 
manner 2
T^ = (a + o') tan 0 
attraction
, where a denotes
and 0 denotes friction.
The meaning of these terms is shown in figure 11.1
a cr
+
Pig. 11.1 Definition of linear shear strength
Failure^criterion^in^deviator^stress^
The failure criterion in normal stress has "been 
shown to be :
( + a )  = Nf ( ^f + a )  , where
N« = tan2 ( 45° + 40 ) = 1+ sin 0
1- sin 0
Subtracting ( o^f + a ) on both sides of the equation 
and dividing the result by 2 , the following failure 
criterion in deviator form is obtained :
■j? ( g* ^ ) = ( c/ ^ + a )
Sin 0
Here S. = 4 ( N„ -^1 ) = ----------
1 - sin 0
The deviator criterion defines attraction as the negative
intercept on the &  axis and the slope of the failure
line defines friction as shown in figure 11.2
Failure line
tan 0 =
Fig. 11.2 Failure criterion in deviator stress
Prom a triaxial test the slope can be measured and 
tan 0 can be calculated.
* - * i  (%)
CL
/o<
Pig. 11.3 Example of the deviator criterion
The actual value of the major principal strain £ ^ , should 
be noted on the test curve.
The development of strain towards failure can then be 
studied and also how strain develops along the failure 
line.
L I S T  O F  S Y M B O L S
1. General
A, a - Area
B, b - Breadth
cc - Cubic centimeters
D, d - Diameter, depth
H - Heigth
h - Hour
L , 1 - Length
R, r - Radii
W - Weigth.
0 - Diameter
2. Soil Properties
e - Void ratio
Gs - Specific gravity
PI - Plasticity index
Sj-, Sf - Degree of saturation, Initial and final
VA - Volume of air
Vy - Volume of voids
V^ - Volume of water
Wl , Wp,Pj - Atterbergs limits.
w . - Moisture content
Testing
Attraction
Porepressure coefficient 
Cohesion
Coefficient of consolidation 
Strain
Minimum factor of safety 
Wet density 
Dry density 
Modulus of resistance
Slope of tangent to rupture line in stress/ 
vector plot.
Thixotropy ratio 
Angle of friction 
Angle of friction 
Porepressure
Conversion factors
1 kp/cm2 
1 g/cc 
1 cm 
1 cm2/s
= 10 T/m2 = 14,22 lb/in2
'= 1 metric ton / m 2 = 62,43 lb/ft2
- 5 Q . 01 m = Q . 3 9 3 7 in.
= 3 .397 • lO^ ft2/year
a
B
c
e
F.O.S -
Yb
Yd “ 
M
N
T.S.R - 
Tan 0 -
Tan p - 
u -
